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The novel coronavirus that erupted in Wuhan China at the end of 2019 
(COVID-19) has led to a serious global pandemic, which is still ongoing. 
The virulence and infection rate of COVID-19 are profound and has required 
extreme social distancing measures across the globe in attempts to prevent 
this virus from overwhelming healthcare services and hospitals. COVID-19 
appears to have the greatest risk of a more serious disease course in elderly 
individuals and those with co-morbid diseases, such as heart disease, asthma, 
and diabetes. All of this has led to an unprecedented rapid worldwide mobi- 
lization effort to identify effective treatments and develop vaccines. It is 
hoped that such efforts will help to control this devastating disease and in the 
control of future pandemics. The authors in this volume come from five of 
the six habitable continents from countries such as Afghanistan, Austria, 
Brazil, Iran, Italy, Poland, South Africa, South Korea, the United Kingdom, 
the United States of America, and Vietnam. 

This new volume will increase the reader’s understanding of the ongoing 
COVID-19 pandemic through a series of chapters that focus on the first wave 
of the pandemic. Leading experts discuss the effects of the virus in cases of 
co-morbidities, new treatment approaches, and mental health aspects of the 
pandemic and convey the results of survey studies. The book will be an 
excellent resource for researchers studying virology, metabolic diseases, and 
respiratory disorders, clinical scientists, physicians, drug companies, and 
healthcare services and workers. The book will also be of interest to the 
general population as virtually everyone has been affected by this deadly 
pandemic in some way. 
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Abstract 


Within the last two decades, several members 
of the Coronaviridae family demonstrated epi- 
demic potential. In late 2019, an unnamed 
genetic relative, later named SARS-CoV-2 
(COVID-19), erupted in the highly populous 


neighborhoods of Wuhan, China. Unchecked, 
COVID-19 spread rapidly among intercon- 
nected communities and related households 
before containment measures could be 
enacted. At present, the mortality rate of 
COVID-19 infection worldwide is 6.6%. In 
order to mitigate the number of infections, 
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restrictions or recommendations on the num- 
ber of people that can gather in a given area 
have been employed by governments world- 
wide. For governments to confidently lift 
these restrictions as well as counter a potential 
secondary wave of infections, alternative 
medications and diagnostic strategies against 
COVID-19 are urgently required. This review 
has focused on these issues. 


Keywords 


COVID-19 - SARS-CoV-2 - Semen - Wuhan - 
Coronavirus 


1.1 Introduction 


The Novel SARS-CoV-2 (COVID-19) is a zoo- 
notic coronavirus belonging to Coronaviridae 
family of viruses, including those which caused 
severe respiratory syndrome (SARS-CoV) and 
Middle East respiratory syndrome (MERS-CoV). 
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Fig. 1.1 Centers for Diseases Control-confirmed COVID-19 cases globally. (Adapted from https://www.cdc.gov/ 


coronavirus/2019-ncov/global-covid-19/world-map.html) 


In late 2019, SARS-CoV-2 emerged in Wuhan 
province, China, infecting significant portions of 
the population. The highly infectious characteris- 
tics of SARS-CoV-2 permitted its rapid spread in 
Hubei province and other parts of the country [1, 
2]. In the first weeks of January 2020, contain- 
ment of this novel virus by local authorities was 
naturally fragmented due to the novelty and 
evolving diagnostic procedures, resulting in non- 
disclosure of the level of infection to the public 
and to the broader scientific community. Since 
this time, the virus has emerged on every habit- 
able continent, infecting more than 4.9 million 
people and killing more than 320,000 individuals 
in 218 countries and territories (as of Mayl9, 
2020, Johns Hopkins University website; https:// 
coronavirus.jhu.edu/map.html) (Fig. 1.1). 

COVID-19 remains a highly infectious dis- 
ease even after incurring significant mutations in 
its genome during the last 5 months [3, 4], plac- 
ing it front and center in the sights of the World 
Health Organization (WHO) as one of the most 
dangerous pandemics faced in the last 100 years. 
Hence, this perspective work aims to provide a 
timely overview of the COVID-19 outbreak and 
explore alternative avenues of testing and poten- 
tial treatment approaches. 


1.2 . SARS-CoV-2 Phylogenetic 


Analysis 


COVID-19 is caused by the SARS-CoV-2 RNA 
virus belonging to the Coronaviridae family. It 
contains a single-stranded positive-sense RNA, 
ranging from 26 to 32 kilobases (kb) in length. 
Coronaviruses are considered zoonotic, residing 
in many different animal species, such as camels, 
bats, mice, and dogs [5]. The SARS-CoV-2 viral 
genome includes 6-11 open reading frames 
(ORFs). The first ORF constitutes the largest part 
of the genome (67%) and encodes nonstructural 
proteins. The rest of the ORFs encode accessory 
and structural proteins. Four main structural pro- 
teins have been distinguished known as the spike 
(S), envelope (E), matrix (M), and nucleocapsid 
(N) proteins. The spike surface proteins are 
responsible for binding of the virus to host cell 
receptors and determine the host tropism and 
capacity of transmission [6]. 

Initial next-generation sequencing of the virus 
was performed on throat swabs and bronchoalveo- 
lar fluid collected from nine patients by Lu et al. 
[5]. An additional sequencing study was also per- 
formed by Zhou et al. on samples isolated from 
five patients [7]. Reverse transcription and full 
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annotation of the patient sample revealed that 
the viral genomes were 99.9% similar [5, 7]. 
Analysis of the SARS-CoV-2 genome revealed a 
97-99% similarity to a SARS-like betacoronavi- 
rus (SL-CoVZC45) and another bat coronavirus 
(CoVZXC21). Genetically, SARS-CoV-2 dem- 
onstrated less genetic similarity with those 
causing SARS (~79%) and MERS (~50%) [5]. 
Phylogenetic analysis showed that SARS-CoV-2 
belongs to subgenus Sarbecovirus of the betacoro- 
navirus genus. This study also examined the spike 
protein sequence of SARS-CoV-2, which could be 
divided into S1 and S2 domains. These domains 
are thought to play a role in receptor-binding and 
membrane fusion. The SARS-CoV-2 S2 domain 
shared relatively high sequence homology with 
that of bat coronaviruses (93%), whereas the S1 
domain showed only 6896 homology. However, 
SARS-CoV-2 and SARS-CoV shared 50 con- 
served amino acids inside the S1 domain (located 
in C-terminal area), which were different in bat 
coronaviruses. Structural predictions revealed that 
the SARS-CoV-2 receptor-binding domain was 
similar to that of SARS-CoV, and previous studies 
suggested that angiotensin-converting enzyme 2 
(ACE2) was a potential receptor for this virus [5]. 
Infectivity assays confirmed ACE2 as a receptor 
for SARS-CoV-2 [7]. In these studies, HeLA cells 
were infected with the virus, and cells which 
expressed the ACE2 receptor were more suscepti- 
ble to infection. However, additional studies may 
be needed to determine or confirm the mechanism 
of transmission [8]. 


1.3 Possible Origin 


of SARS-CoV2 


Whether it is a product of natural evolution, a 
laboratory experiment, or otherwise engineered, 
the possible origins of SARS-CoV-2 have been 
debated since the beginning of the outbreak. A 
potential way to end the debate is to identify an 
intermediate host or hosts that can successfully 
transmit the virus to humans and vice versa [7]. 
Since the first cases of COVID-19 infections 
were thought to stem from the conjoined seafood 
and live animal market in Wuhan [1], the COVID- 
19 disease is generally considered a zoonotic dis- 


ease (like SARS). Through the International 
Food Safety Authorities Network (INFOSAN), 
the national food safety authorities are seeking 
more information on the potential for persistence 
of COVID-19 in foods traded internationally as 
well as on the potential role of foods in the trans- 
mission of the virus. Currently, investigations are 
underway to evaluate the viability and survival 
time of SARS-CoV-2 [9-11]. As a general rule, 
the consumption of raw or undercooked animal 
products should be avoided. Raw meat, milk, or 
animal organs should be handled with care to 
avoid cross contamination with uncooked foods. 
However, human-to-human transmission has also 
been confirmed. 

This novel virus responsible for the ongoing 
COVID-19 epidemic was initially thought to be a 
product of laboratory recombination as strongly 
claimed on the 3rd of February 2020 (https:// 
jameslyonsweiler.com/2020/02/02/moderately- 
strong-confirmation-of-a-laboratory-origin-of- 
2019-ncov/) online by the chief executive officer 
of the Institute for Pure and Applied Knowledge. 
The claim stated that SARS-CoV-2 had a unique 
inserted sequence (1378 bp) located in the mid- 
dle of its spike protein gene that did not match 
other coronaviruses but was similar to a sequence 
in the pShuttle-SN expression vector, commonly 
used in research laboratories. However, this 
hypothesis was rejected by Hao et al. [12]. These 
researchers aligned several coronavirus sequences 
and found that the “unique” sequence from 
SARS-CoV-2 was also found in these other 
viruses with a high sequence identity. This sug- 
gested that SARS-CoV-2 arose via a natural 
mechanism. 

On the other hand, similar to the case for 
SARS-CoV and MERS-CoV [13], the bat is the 
most likely species of origin for COVID-19 due 
to the high degree of whole-genome identity with 
a bat coronavirus (BatCoV RaTG13) [7]. Notably, 
a SARS-like coronavirus was initially described 
close to when the COVID-19 outbreak occurred 
in lung samples from two dead Malayan pango- 
lins [14], and these findings were confirmed by 
Zhang and colleagues [15]. This study suggests 
that the pangolin species may be a natural reser- 
voir of coronaviruses. Other possible reservoirs 
include camels and civets (Fig. 1.2). 
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Fig. 1.2 Possible origin of the coronaviruses including SARS, MERS, and COVID-19 
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Main Properties of COVID-19 
Infection 


1.4 


SARS-CoV-2 belongs to the betacoronaviridae 
family which usually displays a round/elliptic 
shape with a diameter of 60-140 nm. Similar to 
most coronaviruses, SARS-CoV-2 could be sen- 
sitive to heat, ultraviolet rays, and lipid solvents. 
Coronaviruses could infect several animal spe- 
cies (such as camels, cats, cattle, pangolins, and 
bats), and infection may be transmitted to humans 
[16]. The stability of SARS-CoV and SARS- 
CoV-2 may be similar, with capabilities of sur- 
viving for up to 3 hin aerosols, 4 h on copper, and 
up to 1 day on cardboard [17]. The virus has a 
longer viability on steel and plastic surfaces and 
could survive for approximately 2—3 days. Higher 
temperature and humidity may result in reduction 
in viral transmission not only in influenza and 
SARS but also in the case of COVID-19 [18]. 
The structure of SARS-CoV-2 is similar to 
that of other coronaviruses, which contain the 
proteins mentioned above (spike, envelope, 
membrane, and nucleocapsid proteins), along 


with different enzymes, such as RNA poly- 
merase, helicase, or papain [19]. The spike pro- 
teins on the viral surface play a significant role in 
target recognition and membrane fusion. These 
proteins also play a critical role in human-to- 
human transmission of the virus. The spike pro- 
tein has two subunits. One of these contains the 
receptor-binding domain (RBD), which enhances 
the attachment between the virus and host cell, 
while the second subunit appears to be involved 
in membrane fusion [20]. Similar to SARS-CoV, 
the RBD is conserved, but there may be impor- 
tant differences between the two viral strains. In 
the RBD, there are five critical amino acid resi- 
dues at positions 442, 472, 479, 487, and 491 
which could be involved in the human-to-human 
transmission. These critical residues (apart from 
tyrosine 491) may not be conserved between 
SARS-CoV and  SARS-CoV-2. Three- 
dimensional modeling has revealed that the spike 
protein of SARS-CoV-2 could interact with the 
ACE2 receptor [21], resulting in the virus-host 
interaction. The entry of the virus into the cell 
could then enhance the immune and inflamma- 
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tion response of the host [22]. The mechanism of 
entry involves fusion of the viral envelope with 
the host cell, allowing it to enter the endosomal 
system. Next, the virus is uncoated and releases 
its RNA into the host, and this is translated to the 
viral replicase polyproteins ppla and pplab, 
which are then cleaved by viral proteinases. The 
polymerase then carries out discontinuous tran- 
scription to produce subgenomic mRNAs and 
these are translated into the viral proteins. Finally, 
the viral proteins and RNA genome are assem- 
bled into new virus particles in the endoplasmic 
reticulum, allowing these to be released from the 
cell via the secretory pathway [19]. 


1.5 Typical Clinical Features 


of COVID-19 Cases 


Several studies on the pneumonia outbreak caused 
by COVID-19 infection have been reported in the 
general population. In the first report, Huang et al. 
indicated that the infected patients had a history 
of exposure to the Huanan Seafood Wholesale 
Market [2]. Various symptoms such as fever, non- 
productive cough, dyspnea, myalgia, fatigue, nor- 
mal or decreased leukocyte counts, and 
radiographic evidence of pneumonia could be 
seen in the infected cases, with organ dysfunction 
and death occurring in severe cases [2]. In the 
Wuhan region, 99 cases were confirmed to be 
infected with COVID-19 among groups of 
humans in close contact, with more severe effects 
seen in older people with comorbidities [23]. 
Case reports confirmed human-to-human trans- 
mission causing the novel coronavirus-infected 
pneumonia (NCIP) [11]. The clinical characteris- 
tics of COVID-19 in pregnancy and intrauterine 
vertical transmission potential have also been 
reported [24]. This study revealed that the symp- 
toms of pregnant women with COVID-19 pneu- 
monia were diverse, with the main ones being 
fever and cough but with no evidence for vertical 
transmission in late pregnancy [24]. Table 1.1 
presents the typical clinical and imaging findings 
of COVID-19 as well as those of common cold, 
influenza, and other coronavirus diseases includ- 
ing SARS and MERS [11, 25-29]. 


Coronaviridae represent an important family 
of animal and human viruses that are in perma- 
nent circulation [32, 33]. The first SARS corona- 
virus had a low impact on global morbidity and 
mortality, with more than 8000 recognized cases 
and 774 deaths [34, 35]. In contrast, the MERS 
coronavirus remained localized in Saudi Arabia, 
with smaller numbers in other countries of the 
Middle East and South Korea [36]. Studies on 
both of these viral outbreaks highlighted the 
potential danger of nosocomial transmission to 
health-care personnel, which could be critical in 
such epidemics by incapacitating the normal 
caregivers [37]. A common feature of SARS, 
MERS, and COVID-19 infection is the presence 
of severe acute respiratory syndrome, although 
the current estimated fatality rate of COVID-19 
(6.6%, as of May 19, 2020) is lower than that of 
SARS (~10%) and MERS (~36%) [33, 35]. 
However, COVID-19 has led to emergence of 
much larger numbers of infected patients 
(approximately five million, compared with 
approximately 11,000 for SARS and MERS 
combined, as of May 19, 2020). Similar to SARS- 
CoV, the entry of SARS-CoV-2 into host cells 
depends on the recognition and binding of the 
spike protein to the ACE2 receptor on host cells 
[39-45]. The high affinity of this protein to the 
ACE2 receptor likely contributes to the quick 
spreading of virus. This receptor is expressed at 
high levels in human organs, such as lung alveo- 
lar epithelial cells and enterocytes of the small 
intestine, which are potentially the targets of 
COVID-19 infection [46]. In addition, COVID- 
19 transmission is currently known to be similar 
to that of other coronaviruses (such as SARS and 
MERS) in which human-to-human transmission 
transfer occurs through droplets, contact, and 
fomites. Based on the transmission modes of 
SARS and MERS, avoiding close contact with 
people suffering from acute respiratory infec- 
tions and frequent handwashing are recom- 
mended. In addition, SARS-CoV-2 particles have 
also been detected in stool samples of some 
patients, suggesting that a more possible fecal- 
oral transmission occurs [47]. This suggests that 
multiple shedding routes of SARS-CoV-2 might 
exist. 
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Table 1.1 Comparison of typical clinical and imaging findings between common cold, influenza, SARS, MERS, and 


COVID-19 
Respiratory Constitutional 
Disease symptom syndromes CT imaging findings Diagnostic methods Refs. 
Common Stuffy nose, No clear X-ray PCR and pan-viral DNA [30, 
cold runny nose, microarrays 31] 
and sneezing 
Influenza Stuffy nose, High fever, Small patch ground-glass | PCR, RT-PCR, [25] 
runny nose, muscle ache, opacity and consolidation | immunofluorescence, direct 
sore throat, and malaise with subpleural and/or (DFA) or indirect (IFA) 
and dry cough peribronchial distribution | florescent antibody staining, 
and viral tissue cell culture 
SARS Cough and Fever, chill, Subpleural ground-glass RT-PCR, rRT-PCR, RT-LAMP, | [26, 
dyspnea malaise, opacity and consolidation, | rRI-LAMP, and coronavirus 27] 
headache, and | prominent lower lobe detection kit 
diarrhea involved, and interlobular 
septal and intralobular 
septa thickening 
MERS Sore throat, Fever, chill, Bilateral, basilar, and RT-PCR, rRT-PCR, RT-LAMP, | [28, 
dry cough, and rigor subpleural airspace, rRT-LAMP, and coronavirus 29] 
and dyspnea extensive ground-glass detection kit 
opacity, and occasional 
septal thickening and 
pleural effusions 
Mild Possible Fever Multifocal patchy RT-PCR, rRT-PCR, RT-LAMP, | [11] 
SARS- cough and ground-glass opacity with | rRT-LAMP, and coronavirus 
COVID-19 | sore throat subpleural distribution detection kit 
Severe Breathless Fever, muscle Diffuse heterogeneous [11] 
SARS- and ache, consolidation with 
COVID-19 | respiratory confusion, and | ground-glass opacity 
failure headache 
system may have been the cause of the high case- 
1.6 Immune Response to COVID- fatality rates in MERS-infected patients [50]. 


19 Infection 


The innate immune response against viral infec- 
tion typically involves production of the interfer- 
ons, IFN« and IFNB. In the case of MERS-CoV, 
the timing of interferon production appears to be 
critical in determining whether it protects against 
infection [48]. Interferon administration 1 day 
after infection was protective in a mouse model, 
whereas delayed interferon treatment did not 
block viral replication and actually increased 
lung inflammation, resulting in fatal pneumonia. 
Although the mechanisms of the immune 
response triggered by MERS infection and 
immune evasion strategies have not yet been 
fully studied, these findings indicate that the use 
of interferon-based therapies should be consid- 
ered with caution [49]. A compromised immune 


This is consistent with the findings of previous 
studies which indicate that older individuals with 
compromised immune systems are more suscep- 
tible to the effects of SARS infection [51, 52]. 
Coronaviruses have evolved multiple immune 
evasion mechanisms to limit the early induction of 
interferon. SARS-CoV encodes an enzyme that 
adds a 2’ O-methyl group to the viral RNA, thereby 
evading detection by the viral sensor molecule, 
MDAS [53, 54]. Similarly, coronaviruses encode 
proteases that antagonize the stimulator of inter- 
feron genes (STING) [55], which is thought to be 
the case for SARS-CoV-2. However, neutralizing 
antibodies that target the receptor-binding domain 
of the spike protein can competitively inhibit viral 
entry into host cells, as shown in the case of SARS- 
CoV [56]. Most initial efforts to generate vaccines 
against SARS-CoV-2 have focused on the corre- 
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sponding spike protein and its receptor-binding 
domain. Interestingly, the affinity of the SARS- 
CoV-2 spike protein for its receptor, ACE2, is 
approximately 15 nM, which is over 20 times 
greater compared to the SARS-CoV spike protein 
[41, 57]. Based on this, the development of neu- 
tralizing antibodies may prove to be more difficult 
for COVID-19 infection. However, some neutral- 
izing antibodies developed for SARS-CoV do 
cross-react with SARS-CoV-2, and these bind to 
the protein core rather than the receptor-binding 
domain [58—60]. It is possible that some of these 
may be useful for vaccine development consider- 
ing the sequence similarity of SARS-CoV-2 and 
SARS-CoV and the facts that they use the same 
ACE2 receptor for cellular entry and cause similar 
acute respiratory syndromes [61]. 


1.7 Diagnostic Strategies 

The genome sequence of SARS-CoV-2 was 
released online in early January 2020 (GenBank 
accession number MN908947), which facilitated 
the development of nucleotide-based diagnostic 
methods. Real-time polymerase chain reaction 
(PCR) was verified as a routine method for detec- 
tion [62]. Corman et al. developed a PCR method 
based on the similarity between SARS-CoV and 
SARS-CoV-2. The probes and primers targeted 
the receptor-binding gene (spike protein gene), as 
well as the E and N genes, which allowed suc- 
cessfully discrimination between the SARS-CoV 
and SARS-CoV-2 viruses [63]. Chu et al. 
designed a quantitative real-time PCR test for the 
highly conserved ORFIb and N genes of the 
SARS-CoV-2 genome [38]. For this, SARS-CoV 
PCR products were also cloned into plasmids as 
references, and additional viral genomes were 
tested, such as those from MERS-CoV, avian 
influenza, human influenza, and parainfluenza. 
Patients with COVID-19 were positive for both 
SARS-CoV-2 genes and not those from the other 
viruses. The detection of the N gene appeared to 
be more sensitive, compared to ORFIb. Thus, N 
gene detection may be more effective in the case 
of SARS-CoV-2, and testing for the Orflb gene 
could be used for confirmation. 


Next-generation sequencing (NGS) has been 
regularly used for viral disease diagnosis and 
could detect all kinds of DNA/RNA fragments 
from viral infections. In addition, NGS 
approaches could play a role in the discovery of 
novel viruses. RNA-based NGS has also been 
suggested for rapid diagnosis of respiratory 
viruses. Compared to PCR methods, NGS may 
have higher specificity and could detect viruses 
even in the latency phase of infection [64]. 
Screening for ACE2 receptor expression in 
patients may also be helpful in disease risk 
assessment as this may help to identify the pos- 
sible and main routes of infection. For this, bulk 
RNA sequencing and single-cell transcriptomic 
analysis was performed on patient samples taken 
from mucosa or the oral cavity [40]. This revealed 
that the ACE2 receptor was expressed in oral tis- 
sues, especially in the tongue. The finding that 
the expression of the ACE2 receptor is also ele- 
vated in the lungs lends further support that 
blocking its interaction with the virus may be a 
possible therapy against COVID-19 infection 
(see below) [39]. 

Currently, no proteomic biomarkers of 
COVID-19 infection have been validated, but 
several candidates are possible. Routine blood 
tests have revealed that procalcitonin and 
C-reactive protein (CRP) may be elevated in sev- 
eral disease cases but not in all patients [23, 65]. 
Cytokines may also be potential marker candi- 
date of COVID-19 infections. Huang et al. ana- 
lyzed the cytokine and chemokine levels in 
plasma of patients using a Human Cytokine 
Standard 27-Plex Assays panel and the Bio-Plex 
200 device [2]. Several inflammatory markers 
showed elevated levels in affected patients, such 
as interleukin (IL-)1p, IL-1RA, IL-7, IL-8, IL-9, 
IL-10, fibroblast growth factor (FGF), tumor 
necrosis factor alpha (TNFa), vascular endothe- 
lial growth factor VEGF, IFNy, and IFNy- 
inducible protein 10 (IP10). The same study also 
showed that patients who needed intensive care 
presented higher levels of plasma markers such 
as granulocyte colony-stimulating factor (GCSF), 
IP10, monocyte chemoattractant protein-1 
(MCP1), macrophage inflammatory protein 1A 
(MIP1A), and TNFa, compared to patients who 
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did not need critical care. These data revealed 
that elevated concentrations of cytokines may 
correlate with disease severity. 


Potential of SARS-COV-2 
Diagnostic Testing in Male 
Semen 


1.8 


Coronaviruses are a large family of viruses that 
cause illness ranging from the common cold to 
more severe diseases such as MERS and SARS 
[66-68]. The SARS-CoV-2 virus was originally 
discovered when viral metagenomic analysis was 
carried out on three bronchoalveolar lavage spec- 
imens from Chinese adult patients with unex- 
plained severe pneumonia [1]. Currently, 
SARS-CoV-2 can be detected in human clinical 
specimens including saliva, nasal fluid, blood, 
feces, and urine by NGS, real-time PCR, cell cul- 
ture, and electron microscopy [1]. The Centers 
for Disease Control (CDC) has recommended 
that clinical virology laboratories should not 
attempt viral isolation from specimens collected 
from COVID-19 patients under investigation 
(https://www.cdc.gov/coronavirus/nCoV-2019/ 
guidelines-clinical-specimens.html). Even 
though several countries are currently producing 
the test kit for the coronavirus after the availabil- 
ity of the SARS-CoV-2 genome, diagnostic test- 
ing for this virus should be carried out according 
to CDC guidelines. 

Currently, to determine if someone has been 
infected with SARS-CoV-2, samples from the 
throat, coughed-up sputum, or lung fluid are 
used. Importantly, recent studies have indicated 
that semen from males infected with viruses 
could be considered as a primary route of human 
transmission [69-71]. In addition, the hypothesis 
that the ACE2 receptor could serve as a mediator 
for endocytosis of the SARS-CoV coronavirus 
[72] has led to the suggestion that SARS-CoV-2 
may enter host cells and tissues through a similar 
mechanism (Fig. 1.3). From the protein expres- 
sion atlas (www.proteinatlas.org), high levels of 
the ACE2 precursor are found in kidney, intes- 
tines, and testis (Fig. 1.3) and not in female 
reproductive system. This latter finding could be 
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the possible explanation for the higher rate of 
death in males than females [23]. Hence, SARS- 
CoV-2 isolation from the semen or reproductive 
tracts of infected men may be considered as the 
only direct and definitive approach for proving 
infectivity or their potential function as reservoir. 
A study which carried out semen testing found 
that 6 patients (15.8%) had positive results for 
COVID-19, including 4 of 15 patients (26.7%) 
who were at the acute stage of infection and 2 of 
23 patients (8.7%) who were recovering [73]. 
This latter finding is particularly noteworthy as it 
suggests that sexual transmission is possible. 
Therefore, it is important to determine if the viral 
infection is sexually transmitted to determine the 
risk, especially in the case of males who have 
recovered and may still harbor the virus. 


ACE-2: The SARS-CoV-2 
Receptor Identified 


1.9 


As stated above, the coronavirus spike protein 
receptor-binding domain appears to be responsi- 
ble for the interaction between the virus and the 
host cells, and one receptor for this is ACE2 [44, 
74]. ACE2 is a transmembrane protein enzyme 
with its active site on the extracellular surface of 
cells. ACE2 plays a role in conversion of angio- 
tensin II to angiotensin 1—7, which may play a 
role in regulation of cardiac function and blood 
pressure. In addition, overexpression of ACE2 
may be involved in diseases such as cardiac dys- 
function or diabetes [75]. Hence, many studies 
have been carried out by targeting ACE2 for 
treatment of circulatory diseases. In animal mod- 
els of hypertension, reduced ACE2 expression or 
activity has been reported. Angiotensin 1—7 pro- 
duction via ACE2 cleavage could have several 
protective roles, including vasodilatory, antipro- 
liferative, or anti-oxidative stress effects. Since 
hypertension is a major health issue in diseases 
such as diabetes, heart failure, liver failure, and 
pulmonary injury [76, 77], ACE2 and angiotensin 
1-7 have been suggested as potential therapeutic 
targets. In addition, higher expressions of ACE2 
have been found in renal and liver cancer and 
could therefore have prognostic value. On the 
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Fig. 1.3 Selective ACE2 expression in thyroid, heart, 
breast, kidney, intestines, leg muscles, and testis and sche- 
matic overview of the ACE2 expression are shown for 
each of the nine tissues. Color-coding is based on tissue 
groups, and no protein expression data was observed in 
cerebral cortex, cerebellum, hippocampus, caudate, thy- 
roid gland, parathyroid gland, nasopharynx, bronchus, 
lung, oral mucosa, salivary gland, esophagus, stomach, 
liver, pancreas, urinary bladder, epididymis, prostate, 


other hand, overexpression of ACE2 may be pro- 
tective against oxidative stress [78]. 

The possibility that ACE2 expression may 
increase susceptibility to SARS-CoV-2 infection 
may be linked to the finding that older individu- 
als show greater effects of viral infection [79]. 
This is due to the fact that ACE2 expression may 
be increased in adults in their 40s—50s since it 
may be associated with several protective mecha- 
nisms against age-related diseases. In addition, 
ACE2 1s an important regulator of Ras signaling, 
which has been suggested as a modulator of the 
aging process. These findings suggest that chil- 
dren are less susceptible to the effects of SARS- 
CoV-2 infection due to lower expression of ACE2 
[80, 81]. In addition, elderly individuals are 


vagina, ovary, fallopian tube, endometrium, cervix, uter- 
ine, placenta, breast heart muscle, smooth muscle, skeletal 
muscle, soft tissue, adipose tissue, skin, appendix, spleen, 
lymph node, tonsil, and bone marrow tissues. The pro- 
teomic analysis is combined with RNA-Seq on the organ, 
tissue, and cellular level, and all data are freely accessible 
on the Human Protein Atlas web portal, www.proteinat- 
las.org 


known to have reduced innate immune functions, 
resulting in a higher mortality rate [82, 83]. 

A study of approximately 40 patients with 
SARS-CoV-2 infections in early January 2020 
found that the majority of these were male with 
underlying diseases, such as diabetes, hyperten- 
sion, or cardiovascular disorders [2]. This was 
supported by a follow-up study which showed 
that over two-thirds of the patients were male 
with an average age of 55.5 years [23]. Together, 
these findings suggest that males with underlying 
comorbidities have a greater risk of infection and 
death from COVID-19. 

The initial infection site for COVID-19 infec- 
tion is the upper respiratory system where ACE2 
sites are abundant, followed by the lower respira- 


12 


tory tract where numbers of these receptors are 
lower, and this can lead to bronchiolitis, second- 
ary pneumonia, or both [43]. In addition, the 
reported symptoms of COVID-19 infection in the 
early phase of disease progression can include 
indigestion, nausea, diarrhea, or vomiting [84]. 
Coincidently, ACE2 expression is high in several 
cells of the gastrointestinal system, including epi- 
thelial cells in the esophagus, enterocytes, colon, 
and ileum [85]. In addition, high levels of ACE2 
are also found in the kidneys [42]. Receptor bind- 
ing of SARS-CoV-2 was recently modelled, and 
this revealed that the receptor-binding domain 
has a stronger interaction with ACE2 due to a 
unique phenylalanine residue in the flexible loop 
of the spike protein [86]. 

Reports of finding RNA of the respiratory 
syncytial virus in urine have suggested the pos- 
sibility that COVID-19 is also located in the uri- 
nary tract [87]. A study confirmed that urinary 
tract infection was present in 10% of children 
with acute bronchiolitis or other respiratory 
viruses, such as influenza virus or enterovirus, 
and coronavirus was detected in 7% of the cases 
[87]. Since high levels of ACE2 expressions have 
been reported in kidney, ACE2 could be involved 
in controlling the different renal functions, sug- 
gesting a potential route of SARS-CoV-2 infec- 
tion or clearance [42]. 

ACE2 has been reported to have high expres- 
sion levels in testis and seminal vesicles, espe- 
cially in the Leydig and Sertoli cells [88]. Rat 
experiments showed that ACE2 may be a consti- 
tutive product of mature Leydig cells and may 
play a role in testicular functions, such as sper- 
matogenesis [88]. Even though no evidence has 
been found regarding the potential involvement of 
COVID-19 in the testicular system, high ACE2 
levels in testis and seminal vesicles may provide 
an additional route of infection or reservoir. 
Several viruses have been detected in the seminal 
fluid with long survival times, which has sug- 
gested that they may be sexually transmitted [69— 
71]. As an example, the Ebola virus was found to 
be sexually transmittable since a Liberian male 
survivor of Ebola infected his female partner with 
the virus. This study also revealed that infectious 
Ebola virus may be present at least for 179 days in 
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survivors after disease onset [89]. Additional male 
survivors were investigated, confirming the pres- 
ence of virus in their semen [90, 91]. The research- 
ers involved in this study suggested that the virus 
may hide in the testes and thereby escape immune 
system detection, leading to a longer incubation 
period [90]. In a larger study of 220 Ebola survi- 
vors, the viral RNA could be detected in semen 
from several months to more than 2 years after 
recovery [92, 93]. 

Currently, we do not know whether seminal 
fluid can act as transmissible vector for the 
SARS-CoV-2 virus in symptomatic and asymp- 
tomatic male patients [2, 23]. Investigations have 
revealed that since ACE2 is predominantly 
expressed in intestines, testis, and kidney, fecal- 
oral and other routes of transmission are possible 
[86] (Fig. 1.4). Remarkably, there have not been 
many reports regarding the presence of SARS- 
CoV-2 in vaginal secretions. However, a neonate 
with elevated IgM antibodies to SARS-CoV-2 
born to a mother with a COVID-19 infection has 
been reported [10]. Therefore, there is still a con- 
troversy regarding whether or not COVID-19 can 
be transmitted in utero from an infected mother 
to her infant before birth. 


1.10 Current Treatment Strategies 


Currently, there are no useful therapies available 
against COVID-19 infection although intensive 
efforts are underway to develop drugs and vac- 
cines. Studies on the therapeutics used against 
SARS and MERS could also provide useful leads 
in developing new treatments against COVID-19. 
In addition to targeting the interaction between 
the ACE2 receptor and the viral spike protein, 
other possible therapeutic targets could be the 
two proteases involved in proteolysis and virion 
packaging: the coronavirus main proteinase 
(3CLpro) and the papain-like protease (PLpro) 
[93]. Traditional Chinese medicines may also be 
helpful by maintaining body health, and research 
is ongoing regarding the efficacy of this approach 
in treating COVID-19. Some Chinese medicines 
have been suggested to have some impact on dis- 
ease by either preventing mild disease symptoms 
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Fig. 1.4 (a) Transmission of the coronavirus disease and (b) potential routes of SARS-COV-2 infection in terms of 


ACE2 expression 


progressing to more severe ones or speeding up 
recovery from infection. However, such potential 
effects have been questioned in the case of 
COVID-19, and more scientific studies are 
needed to prove or disprove efficacy against the 
virus [94]. 

Currently, antibodies and vaccines are under 
development, which target the spike protein. Tian 
et al. discovered a monoclonal antibody, CR3022, 
which could bind to the receptor-binding domain 
of SARS-CoV-2 although it was initially used as 
SARS-CoV antibody [59]. In the case of SARS- 
CoV-2, CR0322 may recognize an epitope that 
does not overlap with the ACE2 binding site. 
Instead, CR0322 may be a neutralizing antibody 
and could therefore offer some protection against 
the disease via another mechanism. 

Given the likely role of ACE2 in SARS-CoV-2 
entry into cells, inhibitors of this molecule could 
play a significant role in the prevention or therapy 
against COVID-19 infection. There are several 
active compounds such as scutellarin, hesperetin, 
nicotianamine, and glycyrrhizin that may reduce 
ACE2 activity/expression or inhibit ACE2 and 
spike protein binding [95]. Chloroquine phos- 
phate is an old drug used for the treatment of 
malaria or rheumatoid arthritis and may also be 


useful against COVID-19 infection. This drug 
could protect against the virus-cell fusion, 
enhance endosomal functions, or interfere with 
glycosylation of coronavirus receptors. In addi- 
tion, it may also have anti-inflammatory effects. 
Another antiparasitic drug called diminazene 
aceturate (DIZE) is known to exert vasodilatory 
effects in experimental models of hypertension, 
myocardial infarction, diabetes, and atheroscle- 
rosis, and it has mild antiviral properties [96]. 
Remdesivir is an adenosine analogue that can be 
used to inhibit viral gene expression. It was suc- 
cessfully used against different viral infections, 
including SARS and MERS [97]. Additional 
treatment strategies may inhibit the coronavirus 
proteases, prevent viral replication, and enhance 
the immune protection of the host [98]. The 3C 
protease and pyridoxal 5’-phosphate (PLP) inhib- 
itors have also been used with some success 
against SARS and MERS. Ivermectin is a Food 
and Drug Administration (FDA)-approved anti- 
parasitic drug, which could be used against dif- 
ferent kinds of viruses such as HIV and Zika. 
Studies on Vero/hSLAM cells infected with virus 
suggested that ivermectin may significantly 
reduce viral RNA levels in less than 48 h [99]. In 
addition, melatonin 1s an anti-oxidative and anti- 
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inflammatory molecule that may protect against 
pathogens causing acute lung injury and respira- 
tory diseases [100]. Chloroquine and hydroxy- 
chloroquine could also be protective by binding 
to sialic acids of respiratory systems, which may 
inhibit virus interactions with target cells [101, 
102]. Teicoplanin is an antibiotic that has been 
used against respiratory viruses and gram-posi- 
tive bacteria and may prevent viral RNA release 
and inhibit the viral cycle inside the cells [103]. 
Finally, remdesivir (GS-5734) is a nucleotide 
analogue of viral RNAs and appears to work by 
causing premature termination of viral replica- 
tion [104]. It is currently considered to be among 
the best candidates for a drug against COVID-19 
infection [105] (Fig. 1.5). In addition, potential 
natural/synthetic compounds for preventing 
COVID-19 infection are presented in Table 1.2. 


1.11 Future Perspectives 

Compared with the SARS and MERS viral out- 
breaks, the COVID-19 pandemic has thus far 
shown a lower mortality rate but with a drasti- 
cally higher infection capability. In just a few 
months, this pandemic has resulted in a global 
challenge for disease prevention and control due 
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to its high rate of human-to-human transmission 
and the lack of availability of effective treat- 
ments. This has led to many countries imple- 
menting control strategies such as social 
distancing, isolation, and institution-wide lock- 
downs as early as possible in the outbreak. At 
present, the COVID-19 cases have dropped 
sharply in South Korea, while Europe and the 
United States are currently the main epicenters. 
Amid these dire trends, South Korea has 
emerged as a model to emulate with the most 
expansive and well-organized testing program 
in the world, combined with its extensive pro- 
gram to isolate infected people and trace and 
quarantine their contacts. As the genomics, phy- 
logeny, antigenic structure, and various out- 
comes of infection have become increasingly 
understood, the development of diagnostic strat- 
egies, new therapeutic approaches, and vaccines 
against COVID-19 has become a worldwide 
effort. Perhaps one positive outcome of these 
efforts is that this collective mobilization has 
led to the scientific, technical, and financial sup- 
port to combat this current pandemic at a speed 
that has never been seen before. It is hoped that 
this will help to lay the foundations to control 
this current outbreak and provide a strong base 
to tackle future pandemics. 
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Fig. 1.5 Potential repurposed remdesivir drug candidate for treatment of COVID-19 
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Table 1.2 Suggested potential drug candidates against SARS-COV-2 


15 


Drug candidate Description Possible role in COVID-19 Refs. 
CR3022 Monoclonal antibody May bind spike protein epitope [59] 
Chloroquine phosphate Old drug against malaria and May prevent virus-cell fusion and [96] 
rheumatoid arthritis anti-inflammatory effects 
Remdesivir Adenosine analogue; results in Useful against RNA viruses (SARS, | [98] 
premature termination of viral MERS); may inhibit COVID-19 
transcription infection 
Baicalin Natural compound from Scutellaria | Binds to ACE2; antiviral effect [59, 
baicalensis Georgi; could have against SARS-COV. Possible 86] 
anti-inflammatory effect effects against COVID-19 
Scutellarin Natural compounds from Erigeron Could bind to ACE2; may prevent 
breviscapus; could have anti- COVID-19 binding 
inflammatory effect 
Hesperetin Bioflavonoid from citruses; inhibits | Possible ACE2 inhibitor 
3C-like protease 
Nicotianamine Can be isolated from soybean May block COVID-19 through 
inhibiting ACE2 
Glycyrrhizin Isolated from licorice root; Interacts with ACE2; further studies 
protective against SARS virus are needed on COVID-19 
Ivermectin Popular antiviral drug, HIV May inhibit transport of viral [100] 
inhibitor, and promising candidate proteins through IMPo/B1 pathway 
against SARS-COV-2 
Melatonin Safe drug against several respiratory | May reduce vessel permeability and | [101] 
diseases improve life quality of patients with 
SARS-COV-2 
Chloroquine (CQ) and Effective against several RNA Prevention of ACE2-virus [102] 
hydroxychloroquine (HCQ) | viruses interactions 
Remdesivir (GS-5734) Nucleotide analogue of viral RNA May result in premature viral [105] 
transcription 
Teicoplanin Glycopeptide antibiotic Prevention of the viral RNA release | [104] 
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Abstract 


The recently emerged coronavirus named 
severe acute respiratory syndrome coronavi- 
rus 2 (SARS-CoV-2), the causal agent of 
COVID-19, is the newest threat to human 
health. It has already infected more than 
54.5 million people worldwide, currently 
leading to more than 1.3 million deaths. 
Although it causes a mild flu-like disease in 
most patients, lethality may increase to more 
than 20% in elderly subjects, especially in 
those with comorbidities, like hypertension, 
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diabetes, or lung and cardiac disease, and the 
mechanisms are still elusive. Common symp- 
toms at the onset of illness are fever, cough, 
myalgia or fatigue, headache, and diarrhea or 
constipation. Interestingly, respiratory viruses 
have also placed themselves as relevant agents 
for central nervous system (CNS) pathologies. 
Conversely, SARS-CoV-2 has already been 
detected in the cerebrospinal fluid. Here, we 
discuss several clinical features related to 
CNS infection during COVID-19. Patients 
may progress from headaches and migraines 
to encephalitis, stroke, and seizures with lep- 
tomeningitis. However, the pathway used by 
the virus to reach the brain 1s still unknown. It 
may infect the olfactory bulb by retrograde 
neuronal transportation from olfactory epithe- 
lium, or it could be transported by the blood. 
Either way, neurological complications of 
COVID-19 add greatly to the complex patho- 
physiology of the disease. Neurological signs 
and symptoms must alert physicians not only 
to worst outcomes but also to future possible 
degenerative diseases. 
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Abbreviations 

ACE2 angiotensin-converting enzyme 2 

ADEM acute disseminated 
encephalomyelitis 

CD147 CD147-spike protein 

CNS central nervous system 

COVID-19 coronavirus disease 2019 

CoVs coronaviruses 

CSF cerebrospinal fluid 

CTSB cathepsin B 

CTSL cathepsin L 

DPP4 dipeptidyl peptidase 4 

ECG electrocardiogram 

GBC globose basal cells 

GBS Guillain-Barré syndrome 

HBC horizontal basal cells 

HCoV-OC43 human coronavirus OC43 

hMPV human metapneumovirus 

hRSV human respiratory syncytial 
virus 

MERS Middle ^ East ` respiratory 
syndrome 

MHV murine hepatitis virus 

NIHSS National Institutes of Health 
Stroke Scale 

OSN olfactory sensory neurons 

PNS peripheral nervous system 

RBD receptor-binding domain 

SARS severe acute ` respiratory 
syndrome 

SARS-CoV severe acute respiratory syn- 
drome coronavirus 

SARS-CoV-2 severe acute respiratory syn- 


drome coronavirus 2 
spike proteins 
smell and/or taste disorders 


SP or S protein 
STD 


2.1 Introduction 

Viral respiratory diseases are among the most criti- 
cal problems in public health as every year they 
are responsible for high rates of mortality [1]. The 
recently emerged coronavirus named severe acute 
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respiratory syndrome coronavirus 2 (SARS- 
CoV-2) is the newest threat to human health. 
SARS-CoV-2 is an enveloped non-segmented pos- 
itive-sense RNA virus that belongs to the 
Coronaviridae family [3]. It is closely related to 
previous coronaviruses of medical relevance, 
known as SARS-CoV and MERS-CoV. Since 
December of 2019, the first cases of pneumonia 
started to be documented in Wuhan, China [1, 2]. 
It has already infected more than 54.5 million 
people worldwide, leading to around 1.3 million 
deaths. The World Health Organization (WHO) 
officially declared a state of public health emer- 
gency of international concern in February 2020 
due to the fast spread and lethality of coronavirus 
disease 2019 (COVID-19) [4, 5]. 

Although it causes mild flu-like disease in 
most patients, lethality may increase to 20% in 
elderly subjects, especially those with comor- 
bidities, like hypertension, diabetes, or lung 
and cardiac disease [6], and the mechanisms are 
still elusive [7]. Viral replication in lung tissue 
leads to direct and indirect pathologies, mainly 
due to an exacerbated immune response and the 
cytokine storm produced [5]. Common symp- 
toms at the onset of illness are fever, cough, 
myalgia or fatigue, headache, and diarrhea or 
constipation [3, 6]. Severe cases rapidly evolve 
to pneumonia with “ground-glass opacities” 
observed by computerized tomography (CT) 
imaging, evidencing lung infiltration and 
edema. 

Interestingly, respiratory viruses are also 
capable of causing central nervous system (CNS) 
pathologies as seen for human respiratory syncy- 
tial virus (RRSV) [8] or human metapneumovirus 
(hMPV) [9]. In fact, several studies have 
described the association between respiratory 
viral infections with neurological symptoms as 
febrile or afebrile seizures, status epilepticus, 
encephalopathies, and encephalitis [1]. With 
regard to the recent COVID-19 epidemic, several 
patients have referred to the loss of the sense of 
smell and taste during hospitalization. This may 
be an important feature of COVID-19, but it is 
still poorly understood. 


2 Neurological Complications of the COVID-19 Pandemic: What Have We Got So Far? 23 


Coronaviruses 
and the Nervous System 


2.2 


Coronaviruses invade host cells through the inter- 
action of spike proteins (SPs) with membrane 
receptors, such as angiotensin-converting enzyme 
2 (ACE2) [10], dipeptidyl peptidase 4 (DPP4) 
[11], and, most recently, CD147 [12]. The ACE2 
receptor was shown to have an interferon-driven 
expression that can be used for SARS-CoV-2 to 
gain access into human cells [13]. A study by Li 
et al. supported these findings by demonstrating 
ACE2 expression in many human tissues, includ- 
ing the brain, and this was positively correlated 
with interferon levels [14]. After attachment, 
virus particles are internalized and fused with the 
cell membrane, and the RNA genome is released 
within the cytoplasm for protein translation and 
replication. In this context, viral tropism and 
pathology intimately correlate with the expres- 
sion of the aforementioned receptors throughout 
the body [4]. 

Despite their well-known respiratory effects, 
coronaviruses are not always confined to the 
respiratory tract as they may also invade intestine 
[15], heart tissue [16-18], and the CNS [19-21]. 
For example, it is already known that the human 
coronavirus OC43 (HCoV-OC43) gains access to 
the CNS through axonal transport and neuron-to- 
neuron propagation in experimental models [22]. 
Interestingly, HCoV-43 viral loads in the brain of 
C57Bl/6 mice reached the same levels when 
intra-cranioventricular and intranasal delivery 
were compared. The inoculation of 10* TCID;; 
led to a time-dependent increase in brain viral 
load. Moreover, viral N proteins were detected by 
immunofluorescence, evidencing viral migration 
through the neurons. Noteworthy, viral proteins 
were detected as early as 5 days after infection 
[22]. 

Interestingly, coronaviruses may reach the 
CNS through the blood, either by crossing the 
blood-brain barrier or via the olfactory bulb and 
retrograde transportation, as previously demon- 
strated in mice [4, 23, 24]. Additionally, it has 
been shown that murine hepatitis virus (MHV), 
another type of coronavirus, may reach the CNS 
after intranasal delivery. Corroborating this, 


ablation of the olfactory nerve cells abrogated 
CNS infection after nasal inoculation with MHV 
[25]. It is noteworthy that endothelial damage can 
also facilitate virus access [4]. 

SPs are the components of SARS-CoV-2 that 
interact with high affinity to human ACE2 on tar- 
get cells through its receptor-binding domain 
(RBD) [4, 26, 27]. SPs consist of an S1 subunit, 
which is involved in receptor recognition, and an 
S2 region involved in membrane fusion [26, 27]. 
This latter subunit must be cleaved to properly 
interact with ACE2, which can be mediated by 
transmembrane protease, serine 2 (TMPRRS2) 
protease, cathepsin B (CTSB), or cathepsin L 
(CTSL) [28]. The interaction of SARS-CoV-2 
with ACE2 receptors in neurons leads to neuronal 
damage without substantial inflammation [4]. 

The olfactory epithelium is mainly composed 
of olfactory sensory neurons (OSNs) responsible 
for odor detection and transmission to the brain 
[28]; globose basal cells (GBCs) responsible for 
neurogenesis, renewing olfactory epithelium and 
neurons [29, 30]; horizontal basal cells (HBCs), 
which are quiescent cells and a stem cell reser- 
voir [30]; and sustentacular cells, which act as 
structural support for OSNs [28]. OSNs in the 
olfactory bulb form synapses through the cribri- 
form plate [29]. 

As demonstrated by Brann et al., ACE2 and 
TMPRSS2 are not expressed in mature OSNs but 
in sustentacular cells and HBCs instead, which 
are believed to be the target cells of SARS-CoV-2 
infection [28]. Thus, infection of sustentacular 
cells and HBCs may damage OSNs resulting in 
anosmia. Another possible pathway for viruses to 
infect the CNS is through the olfactory bulb [31— 
33]. OSNs connect the nasal cavity to the CNS 
through the axons, which terminate in the olfac- 
tory bulb, transposing the cribriform plate [31]. 
On the other hand, the olfactory bulb receives 
dense innervation from higher brain areas to pro- 
cess odor information [33] and is possibly 
infected by coronaviruses [28]. Therefore, the 
olfactory deficits may occur due to other mecha- 
nisms than olfactory epithelium damage such as 
higher-order olfactory structures affection, as 
mentioned by Brann et al. [28]. However, more 
information is needed to determine this. 
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There was clear evidence of CNS presence of 
SARS-CoV in brain tissues of patients with 
SARS in the early 2000s [19-21]. One of these 
studies found viral RNA of SARS-CoV infection 
in the brain of eight autopsied patients, and six of 
these had scattered red degeneration and edema 
in the cytoplasm of neurons from the hypothala- 
mus and cortex [21]. 

In addition, Xu et al. reported a case of a 
39-year-old doctor that was in contact with 
SARS-CoV patients and started to experience 
fever, chills, malaise, dizziness, and myalgia 
when he was admitted to the hospital [20]. After 
35 days of illness onset, he died due to multiple 
organ failure and brain herniation. The autopsy 
revealed SARS-CoV RNA in the patient’s brain 
tissue. While examining autopsied tissue samples 
from four SARS-CoV patients, Ding and col- 
leagues found evidence of virus infection on the 
cerebrum and pituitary gland but not in the cere- 
bellum of all four cases [19]. 

There is additional evidence that human coro- 
naviruses can infect the human brain. For exam- 
ple, Arbour et al. described the presence of 
coronavirus RNA in autopsied brain samples 
from patients with multiple sclerosis and other 
neurological diseases, such as Alzheimer’s, 
Parkinson’s, schizophrenia, depression, and 
meningoencephalitis [34]. 


2.3 Neurological Manifestations 


of COVID-19 


The manifestations of neurological symptoms in 
patients with COVID-19 involve the CNS, 
peripheral nervous system (PNS), and skeletal 
muscles. Severe patients commonly have neuro- 
logical symptoms manifested as acute cerebro- 
vascular diseases, consciousness impairment, 
and muscle injury, leading to a poor prognosis 
[35]. In a study carried out by Chen and col- 
leagues, 22% of those who died from COVID-19 
presented with impaired consciousness, com- 
pared with only 1% of the patients that survived 
[36]. 

CNS symptoms, such as headache, dizziness, 
impaired consciousness, ataxia, acute 
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cerebrovascular disease, and epilepsy, were the 
main form of neurological injury in patients with 
the COVID-19 virus appearing in 53 out of 218 
(24.8%) patients in a Chinese cohort [35]. 
Interestingly, patients presenting CNS involve- 
ment were associated with a more severe course 
of the disease [35]. On the other hand, PNS 
involvement occurred in 19 patients (8.9%), and 
hyposmia and dysgeusia were the most common 
symptoms, affecting 11 (5.1%) and 12 (5.6%), 
respectively. No differences in blood parameters 
were found in patients with or without PNS 
involvement [35]. 

There is still no clear evidence of severe neu- 
rological COVID-19 infection in children. 
However, despite the milder course of the dis- 
ease, it is already known that children are suscep- 
tible to the virus with a prevalence of 1.7% in the 
United States [37]. To the best of our knowledge, 
Chacón-Aguilar et al. reported the first case of a 
febrile syndrome associated with neurological 
symptoms in early childhood [38]. It was a new- 
born (26 days) with two paroxysmal episodes, a 
12 h fever, and nasal discharge and vomiting. On 
physical examination, the child was alert with 
mild hypertonia of the limbs and irritability and 
slightly increased tendon reflexes with normal 
tone. A nasopharyngeal swab sample tested posi- 
tive for SARS-CoV-2. There were no changes in 
the cerebrospinal fluid (CSF). The patient was 
treated symptomatically and had a good outcome 
[38]. Considering the current epidemiological 
situation, fever and convulsive episodes should 
be suggestive of coronavirus infection and 
demanding early intervention and extra care of 
the clinical team. 

In 2006, Hwang described a case of complete 
anosmia 3 weeks after the onset of the first symp- 
toms of SARS-CoV infection [39]. The patient 
was a 27-year-old woman who presented with 
fever, cough, headache, myalgia, and diarrhea. 
Three weeks later, after upper respiratory tract 
improvement, the patient had complete anosmia 
for all kinds of odors on both sides of the nasal 
cavity. Although no abnormal findings that might 
cause anosmia were found on physical examina- 
tion or via brain magnetic resonance imaging 
(MRI), this symptom persisted for the 2 years of 
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follow-up without change [39]. As far as we 
know, this is the first case report of persisting 
anosmia after coronavirus infection. Further 
investigation and patient follow-up studies are 
necessary given the current reports of anosmia in 
COVID-19 patients. Moreover, a long period of 
anosmia may be linked to CNS lesions. 

Hyposmia is also gaining the attention of the 
media and the medical community [40, 41]. A 
recent study on COVID-19 patients conducted by 
Leichien and colleagues described olfactory 
(85.6%) and gustatory (88%) dysfunctions of 417 
patients with mild to moderate disease [42]. 
Among these patients that suffered from olfac- 
tory alterations, 12.6% had phantosmia and 
32.4% had parosmia, and out of the 76 patients 
that did not suffer from nasal obstruction or rhi- 
norrhea, 79.7% presented anosmia or hyposmia. 
This suggests that olfactory neuropathy may play 
a role in olfactory dysfunction. Smell and/or taste 
disorders in COVID-19 infections appear to have 
a variable prevalence between 5 and 48% [43], 
and the short-term recovery rate from anosmia or 
hyposmia in 59 recovered patients was 44% [42]. 
This factor may also be used with a small degree 
of diagnostic accuracy as sudden loss of smell 
has shown a specificity of 97% and sensitivity of 
65% for COVID-19 infection [44]. Whether or 
not long-term persistence of anosmia will be 
observed should be studied further. 

Patients with COVID-19 can also present with 
encephalopathy and other changes in their level 
of consciousness. Recently, three cases of 
encephalitis associated with SARS-CoV-2 were 
described. A study by the Beijing hospital was 
the first to find the SARS-CoV-2 in a patient's 
CSF [45]. In another case, the patient had enceph- 
alopathy and was positive for SARS-CoV-2 
although no evidence of viral particles were 
detected in the CSF [46]. Therefore, if actual 
viral particles are present in CSF, it needs to be 
evaluated further. 

Moriguchi and colleagues reported a case of 
meningitis/encephalitis in a 24-year-old man 
with no history of travel [47]. The suspicion of 
COVID-19 infection was made due to the 
patient’s poor general condition and altered blood 
count, as well as a chest CT scan showing small 


ground-glass opacities on the right superior lobe 
and both sides of the inferior lobe. The disease 
was confirmed by means of a polymerase chain 
reaction (PCR) test for SARS-CoV-2 using a 
nasopharyngeal swab and CSF. The samples 
were negative for the swab and positive for the 
CSF [47]. Neurological findings of coronavirus 
infections also include cases of acute dissemi- 
nated encephalomyelitis (ADEM) [48]. 

Chronic complications have already been 
described in SARS patients who presented with 
chronic myalgia and mood and sleep disorders 
[49]. However, organic neurological damage was 
not described in these patients. Chronic compli- 
cations of coronavirus infection in the CNS have 
already been studied in murine models involving 
human coronavirus (HCoV-OC43) and mouse 
hepatitis virus [50, 51]. 

Thromboembolic and hemorrhagic phenom- 
ena can also be secondary to infection by SARS- 
CoV-2. In a retrospective study of 221 patients in 
Wuhan, China, Li et al. described 13 patients 
with acute cerebrovascular disease following 
COVID-19 infection [52]. The incidence was 5% 
for acute ischemic stroke, 0.5% for cerebral 
venous sinus thrombosis, and 0.5% for cerebral 
hemorrhage. Most of these patients were older 
(70-91 years old) and therefore had more cardio- 
vascular and cerebrovascular risk factors [52]. 

Moreover, a new pattern of cerebrovascular 
condition known as large-vessel stroke appears to 
affect the young population (33-49 years old). 
Oxley and colleagues reported five young patients 
with signs of hemiplegia, dysarthria, and reduced 
levels of consciousness [53]. Technical imaging 
examinations of CT and CT angiography scans 
showed infarction and thrombosis in the right 
internal carotid artery, left middle cerebral artery, 
right middle cerebral artery, or right posterior 
cerebral artery. In addition, at the time of hospital 
admission of these five patients, the National 
Institutes of Health Stroke Scale (NIHSS) mean 
score was 17, consistent with a severe stroke of 
large vessels [53]. These events are probably 
related to the prothrombotic effect of the inflam- 
matory response to viral infection [52] and may 
also justify the use of anticoagulant therapies 
such as heparin. In fact, this has been an impor- 
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tant and critical care observation in COVID-19 
patients. 

Most recently, Zhao and colleagues described 
the first association of Guillain-Barré syndrome 
(GBS) with COVID-19 infection [54]. This was a 
61-year-old woman with a complaint of acute 
weakness in both legs and severe fatigue. Despite 
the travel history for Wuhan, no respiratory 
symptoms were reported until 7 days after the 
onset of GBS symptoms. Oropharyngeal swabs 
were positive for SARS-CoV-2 by PCR assay 
[54]. Hence, COVID-19 appears to assume a 
parainfectious profile, in which GBS and viral 
infection occur concurrently, instead of the clas- 
sic postinfectious profile. Curiously, a similar 
situation has already been described with GBS 
and Zika virus infection [55]. Cases of Miller 
Fisher syndrome and polyneuritis cranialis, both 
rare variants of GBS, have also been reported in 
patients with COVID-19 [56]. 

Another possible intriguing neurological asso- 
ciation of COVID-19 infection is Takotsubo syn- 
drome, which is characterized by transient left 
ventricular dysfunction and may be related to 
dysautonomia of the nervous system [57]. The 
case involved an 83-year-old woman who pre- 
sented with typical chest pain and elevation of the 
ST segment in all precordial leads with deep 
]-wave inversions on electrocardiogram exami- 
nation. The highly sensitive cardiac troponin T 
biomarker was elevated at 1142 ng/L, which is 
more than 100-fold over normal levels. Imaging 
tests, such as echocardiography and coronary 
angiography, were consistent with Takotsubo 
syndrome, ruling out acute coronary syndrome 
[58]. During hospitalization, the patient began to 
experience fever and bilateral opacity on lung 
radiography. The nasopharyngeal swab was neg- 
ative for SARS-CoV-2, but the initial positive 
immunoglobin A and negative immunoglobulin 
G serology pattern proved acute infection [58]. 
Considering the association of Takotsubo syn- 


|. P. Bandeira et al. 


drome with neurological disorders [57, 59], we 
believe that SARS-CoV-2 infection may induce 
autonomic dysfunctions. However, more reports 


are needed to exclude a stress-induced 
complication. 
2.4 Conclusions 


Although COVID-19 is mostly described as a 
lung disease, causing pneumonia and severe 
acute respiratory disease, several reports have 
indicated that patients may also display signs and 
symptoms related to effects on other organs. 
Here, we have discussed several CNS-related 
features, from mild symptoms such as headache, 
fatigue, and ataxia to more severe conditions as 
encephalitis, GBS, and stroke (Table 2.1 and 
Fig. 2.1). These have been observed in several 
patients, especially at the beginning of the dis- 
ease. Although the virus has been detected in the 
CNS of patients, the mechanisms by which it 
reaches the brain are still unknown. It is possible 
that it directly infects the CNS through the olfac- 
tory epithelium or through the blood, either alone 
or transported by Trojan horse cells, as T lym- 
phocytes may be infected by the virus with no 
productive replication (Fig. 2.1). 

Due to the huge spread of the virus, and even 
if a small proportion of patients display neuro- 
logical symptoms, it is important that the medical 
and research community be aware not only of 
these acute and critical problems like encephali- 
tis and stroke but also of the possibility of further 
chronic or degenerative complications. It is 
important to be prepared to respond to such com- 
plications as occurred with the post-epidemic 
complications of the Zika virus [60—62] and von 
Economo’s famous encephalitis lethargy 
followed by Parkinsonism symptoms in those 
who survived the Spanish flu pandemic [63]. 
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Table 2.1 Summary of neurological manifestations found in coronaviruses infections. The first section shows the 
general findings of other coronaviruses that infect humans. The second section shows the specific findings of SARS- 


CoV-2, responsible for COVID-19, described in this paper 


Neurological findings in human coronavirus infections 


Pathogens 


L. 


Coronavirus (HCoV-229E, 
HCoV-OC43, SARS-CoV, 
and HCoV-OC43) 


COVID-19 (SARS-CoV-2) 
exclusively 


Clinical manifestations 

Acute: Febrile seizures, convulsions, loss of consciousness, 
ataxia, anosmia or hyposmia, encephalomyelitis, 
encephalitis, myelitis, neuritis, and acute disseminated 
encephalomyelitis (ADEM), headache 


Chronic: Myalgia and mood and sleep disorders 


Central nervous system: Headache, dizziness, impaired 
consciousness, ataxia, and epilepsy 

Peripheral nervous system: Dysgeusia, anosmia or 
hyposmia, peripheral neuropathy, and muscle injury 


Encephalopathy with!’ and without? evidence of virus in 
central nervous system 


Reference 


Bohmwald et al. 
2018 [1] 


Hwang 2006 
[39] 

Ann et al. 2003 
[48] 

Mao et al. 2020 
[35] 

Chacón-A guilar 
et al. 2020 [38] 
Lechien et al. 
2020 [42] 

1. Zhou L, et al. 
2020 [45] 


Stroke and venous thrombosis brain 


Guillain-Barré syndrome including, Miller Fisher syndrome, 
polyneuritis cranialis, and Takotsubo syndrome 


The involvement of the CNS was associated 
with more severe disease when compared to 
patients with no CNS involvement [35]. This 
neurotropism characteristic was observed with 
other human coronaviruses like SARS-CoV [19, 
20] and HCoV OC43 [48, 50]. Thus, it is impor- 
tant to prioritize and to individualize treatment 
protocols based on the severity of the disease and 
the predominant organ systems involved. We rec- 
ommend that in the presence of ataxia, loss of 
consciousness, convulsion, status epilepticus, 
encephalitis, myelitis, or neuritis [1, 35], differ- 
ential diagnosis of COVID-19 should be consid- 
ered, especially during the current pandemic. 


2. Filatov, A. 
et al. 2020 [46] 


3.Moriguchi T, 
et al. 2020 [47] 
Li et al. 2020 
[14] 

Oxley et al. 
2020 [33] 


Zhao et al. 2020 
[54] 
Gutiérrez-Ortiz 
et al. 2020 [56] 


Meyer et al. 
2020 [58] 


The COVID-19 outbreak has spread world- 
wide, so careful surveillance is essential to moni- 
tor and control the disease. This is critical as 
clinical conditions of the patients can worsen rap- 
idly, leading to respiratory failure. In addition, 
CNS-related symptoms may indicate a poor 
prognosis, and it is still not clear whether long- 
lasting impairments will be observed. Therefore, 
a fast and accurate diagnosis is necessary to allow 
the most effective interventions in a precision 
medicine approach. Such approaches will be 
more effective when new treatments that prevent 
or minimize the effects of COVID-19 become 
available. 
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Fig. 2.1 Scheme of SARS-CoV-2 neurological compli- phocytes (3). The virus then target the central nervous 
cations. SARS-CoV-2 may reach the central nervous sys- system by crossing the blood-brain barrier and reaching 
tem either by direct infection and retrograde transportation the meninges, brain parenchyma, and cerebrospinal fluid 
from olfactory neurons (1) or by a hematogenous route (4). The scheme was elaborated by the authors using 
(2). After replication in the lungs, the virus may reach the ` www.biorender.com 

blood either alone or inside infected cells, such as lym- 
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Abstract 


A number of different viral species are known 
to have effects on the endothelium. These 
include dengue, Ebola, Marburg, Lassa fever, 
yellow fever and influenza viruses, cytomega- 
lovirus and coronaviruses. There are currently 
seven human endemic coronaviruses, all of 
which cause respiratory diseases and bind to 
receptors found within the endothelium. The 
severe acute respiratory syndrome coronavi- 
rus 2 (SARS-CoV-2) that causes the coronavi- 
rus disease 2019 (COVID-19) is highly 
infectious. Like its predecessor, SARS-CoV, it 
binds to angiotensin-converting enzyme-2 
(ACE-2), which is expressed in many cell 
types, particularly in the lung, including endo- 
thelial cells. The initiation of a cytokine storm 
by the virus along with infection of endothe- 
lial cells leads to apoptosis and structural and 
functional changes that attenuate vascular 


integrity in many organs including the lungs, 
heart, liver and kidney. Endothelial damage 
also enhances the coagulation pathway lead- 
ing to thrombus formation in major vessels 
and capillaries. Infection with SARS-CoV-2 
has an adverse outcome for individuals with 
particular comorbid diseases, e.g. hyperten- 
sion, obesity, type 2 diabetes and cardiovascu- 
lar disease. It is possible that this 1s due to the 
presence of pre-existing endothelial dysfunc- 
tion and systemic inflammation in subjects 
with these diseases. Therapies for COVID-19 
that target the endothelium, the inflammatory 
response and the coagulation pathway are cur- 
rently under trial. 
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3.1 Introduction 


Coronaviruses are a group of positive-sense 
single-stranded RNA viruses that were first 
identified over 50 years ago and known to 
infect both birds and mammals [1]. In humans, 
coronaviruses cause the common cold [2], 
severe acute respiratory syndrome (SARS), 
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Middle East respiratory syndrome (MERS), 
gastroenteritis and hepatic and neurological 
disorders [3, 4]. More recently, a new strain of 
coronavirus, severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), was identified 
as the causative agent in the current pandemic 
of coronavirus disease 2019 (COVID-19) [5]. 
This is an atypical pneumonia in which patients 
present with shortness of breath and diarrhoea, 
as well as cold and flulike symptoms such as 
fatigue, fever, headaches, sore throat, cough, 
muscle aches, nausea, loss of taste or smell and 
runny nose [6, 7]. As of July 23, 2020, accord- 
ing to statistics from the World Health 
Organization (WHO), just over 15 million peo- 
ple had been infected with SARS-CoV-2 glob- 
ally, of which the Americas accounted for 53% 
of confirmed cases, while 4% of confirmed 
cases were in Africa [8]. 

The SARS-CoV-2 is a spherical enveloped 
virus consisting of four structural proteins, spike 
(S), envelope (E), membrane (M) and nucleo- 
capsid (N), eight accessory proteins (3a, 3b, 6, 
7a, 7b, 8a, 8b and 9b) and 16 nonstructural pro- 
teins (nspl-16) [9]. Stemming from the family 
of Coronaviridae, SARS-CoV-2 shares up to 
80% sequence similarity to its predecessor, 
SARS-CoV [10]. Although SARS-CoV-2 is 
more infectious than SARS-CoV, it has a lower 
case fatality rate of 3.7%, compared to 10% for 
SARS-CoV [11]. The other five coronaviruses 
known to be found in humans are MERS-CoV, 
HCoV-229E, HCoV-NL63, HCoV-OC43 and 
HCoV-HKUI. 

The endothelium consists of a layer of squa- 
mous cells that lines the internal surface of blood 
and lymph vessels. Acting as the interface 
between circulating blood and the wall of blood 
vessels, it has several functions and is regarded as 
an organ. Some of these functions include main- 
taining vascular integrity, inducing angiogenesis, 
controlling coagulation and reducing inflamma- 
tion [12]. The endothelium equally plays a pro- 
tective role, shielding the organs from damage, as 
it controls the movement of substances across the 
vessels into and out of the tissues. Damage to the 
endothelium or prolonged activation of endothe- 
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lial cells via exposure to high cytokine levels, 
particularly of interleukin-6 (IL-6) and tumour 
necrosis factor (TNF), can cause endothelial dys- 
function leading to activation of the coagulation 
pathways, enhanced inflammation and loss of 
vascular integrity. Recently, a study conducted by 
Varga et al. [13] showed that SARS-CoV-2 is 
able to infect endothelial cells resulting in endo- 
theliitis in several organs including the lung, 
heart, kidney, liver and small intestine. 

It is now known that SARS-CoV-2 and a 
number of other viruses can cause endothelial 
dysfunction by both direct and indirect meth- 
ods, and this will be the focus of the current 
chapter. 


3.2 . Viruses and the Endothelium 

Endothelial dysfunction is a common conse- 
quence of a number of different viral infections. 
One of the most intensely researched forms of 
virally induced endothelial damage is that asso- 
ciated with human immunodeficiency virus 
(HIV). It is thought to be a major cause of the 
increased prevalence of cardiovascular diseases 
(CVDs) observed in subjects infected with the 
virus [14]. This process is not thought to involve 
HIV entry into endothelial cells but may be due 
to the HIV accessory proteins, Nef and Tat. 
These viral proteins, particularly Nef, are 
thought to cause endothelial dysfunction via 
activation of the NF-kB pathway and by reactive 
oxygen species (ROS) generation within the 
endothelium [15]. Activation of endothelial 
cells results in the increased expression of adhe- 
sion molecules such as intercellular adhesion 
molecule-1 (ICAM-1), vascular cell adhesion 
molecule-1 (VCAM-1) and endothelial leuko- 
cyte adhesion molecule-1 (E-selectin) [16] and 
the propagation of atherosclerosis. The soluble 
versions of these molecules are used as bio- 
markers of endothelial dysfunction and have 
been shown to be present at high levels in the 
serum of subjects infected with HIV [17]. The 
causative association of HIV with endothelial 
dysfunction is further highlighted by the obser- 
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vation that antiretroviral therapy causes a reduc- 
tion in the serum levels of markers of endothelial 
dysfunction [18, 19]. 

A number of other viruses have been associ- 
ated with endothelial dysfunction and athero- 
sclerosis [20]. The most prominent of these is 
cytomegalovirus (CMV), also known as human 
herpesvirus 5. This virus has been detected in 
multiple cell types within the vasculature, 
including the endothelium, causing vascular 
inflammation, endothelial dysfunction and the 
progression of atherosclerotic plaque formation 
[21]. Influenza viruses have also been impli- 
cated in atherosclerosis. The virus infects endo- 
thelial cells leading to apoptosis, and it also 
initiates a cytokine storm that activates the 
molecular pathways involved in plaque forma- 
tion [22]. Furthermore, increased vascular per- 
meability in the lungs is caused by 
influenza-induced endothelial dysfunction lead- 
ing to pulmonary oedema. 

Viral haemorrhagic fevers (VHFs) are a group 
of severe diseases caused by four families of 
RNA viruses, 1.e. filoviruses, flaviviruses, arena- 
viruses, and bunyaviruses. These diseases 
include Ebola virus disease, Marburg disease, 
Lassa fever, yellow fever and dengue fever. A 
characteristic feature of many of these diseases 
is endothelial dysfunction and associated vascu- 
lar damage and leakage. Haemorrhage is present 
but varies in severity across these viral types 
[23]. The mechanisms underlying the endothe- 
lial damaged caused by these viruses include 
infection of the endothelium and of monocytes, 
macrophages and dendritic cells leading to the 
production of inflammatory cytokines that 
induce endothelial dysfunction [24, 25]. A fur- 
ther mechanism specific to the flaviviruses 
involves production of the viral peptide non- 
structural protein 1 (NS1) [26]. This secreted 
peptide blocks the function of endothelial glyco- 
calyx leading to reduced cell adhesion and 
increased permeability of the endothelium [26, 
27]. It is interesting to note that the Zika virus is 
also a flavivirus, and studies of human foetal tis- 
sue have shown that Zika viral peptides can be 
found in brain endothelial cells [28]. 


It is therefore clear that a number of different 
viral species can negatively affect endothelial 
function, and recent studies have confirmed that 
SARS-CoV-2, and possibly other coronaviruses, 
are endothelial-tropic. 


Infection of Endothelial Cells 
by SARS-CoV-2 


3.3 


Electron microscopies of lung and kidney tissue 
obtained from subjects who died from COVID-19 
have demonstrated the presence of SARS-CoV-2 
in endothelial cells from both tissue types [29]. 
The virus gains entry into cells by binding to 
angiotensin-converting enzyme-2 (ACE-2) via 
the S1 region of the viral S protein. The S protein 
is then cleaved by the host cell transmembrane 
serine protease 2 (TMPRSS2) at the boundary of 
the S1 and S2 subunits, with the latter then medi- 
ating fusion of the viral and host cell membranes 
[30]. The ACE-2 protein is expressed in several 
organs such as the kidney, intestine, heart and 
lungs, as well as on the surface of lung alveolar 
epithelial cells, enterocytes of the small intestine, 
smooth muscle cells and endothelial cells [31]. 
The ACE-2 protein is also used by SARS-CoV 
and HCoV-NL63 as a receptor for host cell entry 
[32]. The host cell protein used for viral entry by 
MERS-CoV is dipeptidyl peptidase-4 (DPP-4) 
[33], while aminopeptidase N (APN) is the recep- 
tor of HCoV-229E [34]. The receptor interactions 
of the coronavirus family are complex, and each 
virus can recognize multiple host cell proteins 
[35]. It is interesting to note that in humans, coro- 
navirus receptors are often peptidases, but the 
biological significance of this is not fully under- 
stood. All the proteins used by endemic human 
coronaviruses to access host cells are widely 
expressed across various tissues, but, most impor- 
tantly, each of these viral receptors is expressed 
in endothelial cells. This suggests that all of these 
viruses are capable of causing some degree of 
endothelial dysfunction, and it is interesting to 
note the similar symptomology of subjects 
infected with the different coronavirus species 
[36]. 
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3.4 Signs of Endothelial 
Dysfunction in COVID-19 
Cases 


Histological studies have shown direct evidence 
of structural changes to, and SARS-CoV-2 infec- 
tion of, endothelial cells [13, 29]. Clinical symp- 
toms of infection with the virus also suggest 
endothelial involvement in COVID-19. 
Endothelial dysfunction can also be detected 
using blood-based biomarkers, but only a few 
studies have investigated these in subjects 
infected with SARS-CoV-2 [37, 38]. Such bio- 
markers include soluble forms of endothelial leu- 
kocyte adhesion molecule-1 (E-selectin), 
intercellular adhesion molecule-1 (ICAM-1), 
vascular cell adhesion molecule-1 (VCAM-1) 
and vascular adhesion protein-1 (VAP-1) and von 
Willebrand factor [37, 38]. The four adhesion 
molecules function in forming and stabilizing 
cell-to-cell interactions and also promote leuko- 
cyte transmigration through the endothelium 
[39], while von Willebrand factor plays an impor- 
tant role in haemostasis [40]. All these molecules 
are expressed by endothelial cells, and the levels 
of the adhesion molecules rise in the presence of 
inflammation [41]. Each of these biomarkers, 
with the exception of VAP-1, has been used to 
demonstrate the presence of endothelial dysfunc- 
tion in subjects with HIV infection [39]. The 
plasma levels of soluble VCAM-1 and ICAM-1, 
as well as the numbers of circulating endothelial 
cells, have also been shown to be elevated 1n sub- 
jects with dengue virus infection [42, 43], a 
known cause of endothelial dysfunction. 
Currently, only a small number of studies have 
analysed the levels of blood-based biomarkers of 
endothelial dysfunction in subjects with 
COVID-19. In an investigation involving 39 
COVID-19 patients (9 with severe disease and 30 
with mild disease) and 32 uninfected control par- 
ticipants, serum levels of fractalkine, ICAM-1, 
VCAM-1 and VAP-1 were significantly higher in 
cases than controls, with the levels of each bio- 
marker increasing with disease severity and 
decreasing with disease recovery [37] (Fig. 3.1). 
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Fractalkine (CX3CL 1) is a chemokine and adhe- 
sion molecule that is also expressed on endothelial 
cells and has similar functions to ICAM-1 and 
VCAM-1 [44]. 

Two studies have investigated the level of cir- 
culating endothelial cells (CECs) in blood from 
COVID-19 patients [45, 46]. These cells are 
released from damaged endothelium and have 
been used as markers of vascular trauma. Their 
levels have been shown to be increased in a vari- 
ety of disease conditions including CVD, inflam- 
mation and infection [47]. Blood levels of CECs 
have also been shown to be increased in the pres- 
ence of untreated HIV infection [48]. In the first 
study, CECs were measured in 66 COVID-19 
cases and 30 uninfected subjects [46] (Fig. 3.2), 
while in the second study, CECs were measured 
in blood taken from 30 COVID-19 patients and 6 
healthy control subjects [45]. In both investiga- 
tions, the CECs were found at significantly 
higher levels in the COVID-19 cases upon 
admission compared with uninfected subjects. 
Interestingly, in the first study, COVID-19 
patients that had been treated with only antico- 
agulation therapy (n = 10) had lower CEC num- 
bers than in untreated cases (n = 47), and 
COVID-19 patients treated with both an antico- 
agulation therapy and ACE inhibitors or angio- 
tensin receptor blockers had the lowest CEC 
numbers [46]. 

Measuring these biomarkers of endothelial 
dysfunction in subjects with COVID-19 may aid 
in the assessment of disease severity and in moni- 
toring the effectiveness of any treatment being 
administered, particularly in patients with pre- 
existing conditions associated with endothelial 
dysfunction. 

The SARS-CoV-2 virus is able to infect endo- 
thelial cells, and studies show that markers of 
endothelial dysfunction are increased in subjects 
with COVID-19. It is important to understand 
how the virus is able to modulate endothelial 
function and how this may affect disease out- 
comes. A number of studies have investigated 
these topics and will be discussed in the follow- 
ing section of this chapter. 
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Fig. 3.1 Serum VCAM-1 and ICAM-1 levels in 32 non- 
infected control subjects and 30 mild and 9 severe 
COVID-19 cases. Data were also obtained from the severe 
cases of COVID-19 after convalescence. The data are 


Fig. 3.2 Blood levels of 
circulating endothelial 
cells (CECs) in 30 
non-infected and 66 
COVID-19 cases. The 
data are given as median 
with interquartile 
range;*p = 0.008 vs no 
COVID-19. (Data taken 
from [46]) 


CECs (per mL) 





No COVID-19 


given as median with interquartile range; **p < 0.01 vs. 
controls, *p < 0.05 and **p « 0.01 vs severe. (Data taken 
from [37]) 
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Causes and Results 
of Endothelial Dysfunction 
in COVID-19 Cases 


3.5 


The endothelial dysfunction observed in subjects 
with SARS-CoV-2 infection may be due to two 
main causes. Firstly, infection of endothelial cells 
by the virus may directly cause dysfunction. 
Microscopic examination of SARS-CoV-2- 
infected endothelial cells from COVID-19 cases 
has shown disrupted membrane structures in 
these cells and apoptosis [13, 29]. An equally 
important source of endothelial dysfunction may 
be induced by the inflammatory response that is 
characteristic of SARS-CoV-2 infection. A cross- 
sectional study conducted in China by Qin and 
colleagues involving 452 COVID-19-infected 
patients, 22-95 years of age, of whom 63.3% 
were severely infected, revealed plasma levels of 
TNF-a, IL-2R, IL-6, IL-8 and IL-10 to be ele- 
vated above the normal reference range and to be 
significantly higher in severely infected patients 
compared with less severe cases [6]. This obser- 
vation of a so-called cytokine storm in COVID-19 
patients has been confirmed in multiple reports. 
Thus, in a longitudinal study conducted by Liu 
et al involving 40 COVID-19 patents, 
34—62 years of age, the severely infected patients, 
who comprised approximately a third of the 
cohort, had higher serum levels of IL-2, IL-6, 
IL-10 and IFN-y compared with the mild cases 
[49]. 

The inflammatory response observed in 
COVID-19 is complex and involves a major 
input from endothelial cells. The virus firstly 
interacts with type 2 alveolar epithelial cells 
(APCs) in the alveolar space of the lungs and 
activates the innate immune system, leading to 
the production of high levels of cytokines at the 
site of infection [50]. Endothelial cells, which 
lie in close proximity to the APCs, then become 
targets of the SARS-CoV-2 virus. As mentioned 
previously, the virus enters these cells via the 
ACE-2 receptor leading to apoptosis. In addi- 
tion, the high levels of cytokines, particularly 
IL-6 and TNF, stimulate endothelial cells them- 
selves to secrete more cytokines [IL-6, IL-8 and 
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monocyte chemoattractant protein (MCP)-1] 
further enhancing the inflammatory milieu. 
This cytokine storm causes loosening of endo- 
thelial cell-to-cell interactions further increas- 
ing vascular permeability. The apoptosis of 
endothelial cells in combination with the loss 
of cell adhesion leads to vascular leakage 
resulting in oedema and in severe cases, respi- 
ratory failure [51]. 

The high cytokine levels also cause activation 
of the coagulation pathways by stimulating the 
endothelial cells to secrete von Willebrand factor, 
P-selectin and fibrinogen. These allow platelet 
binding to the endothelium, and the former also 
secrete vascular endothelial growth factor 
(VEGF) which stimulates the endothelial cells to 
produce tissue factor, a strong activator of coagu- 
lation. In addition, exposure of the thrombogenic 
collagen fibres of the basement membrane fol- 
lowing endothelial cell detachment and apoptosis 
also leads to activation of the coagulation cas- 
cade [51]. A study of 77 cases of severe SARS- 
CoV-2 infections, matched with 145 
non-COVID-19 controls (all cases and controls 
had acute respiratory distress syndrome), demon- 
strated that coagulation parameters in the cases 
were greater than those in the controls, and the 
cases had a sixfold higher risk of pulmonary 
embolism compared to the controls [52]. This 
activation of the coagulation cascade leads to 
thrombus formation in pulmonary arteries and 
capillaries as observed in autopsy tissue sections 
from COVID-19 cases [29]. 

Damage sustained to the pulmonary endothe- 
lium reduces the barrier function of this tissue, 
allowing SARS-CoV-2 to be transported to other 
organs. Studies have shown that endothelial cell 
damage is observed in multiple organs, including 
the kidneys, heart, liver and small intestine [13]. 

These studies suggest that SARS-CoV-2, by 
both direct and indirect mechanisms, can cause 
endothelial dysfunction which in turn leads to 
major vascular problems in multiple organs. 
Endothelial dysfunction is also a feature of many 
of the comorbid diseases that increase the risk of 
severe COVID-19, and this will be discussed 
below. 
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3.6 Comorbid Diseases, 
Endothelial Dysfunction 


and Severity of COVID-19 


Reports from the United States and the United 
Kingdom have shown that individuals admitted 
to hospitals with COVID-19 have a high preva- 
lence of comorbid diseases such as heart dis- 
ease, hypertension, type 2 diabetes and obesity 
[53, 54]. Additionally, in a study comparing 
data from China and Italy, age and gender were 
associated with COVID-19 mortality, with indi- 
viduals above 60 years of age and males having 
an increased risk [55]. In a retrospective study 
conducted in South Africa involving 22,308 
COVID-19 patients, mortality was associated 
with diabetes, hypertension, male sex, increas- 
ing age and chronic kidney disease [56]. This 
study also showed that HIV and TB infection 
were associated with a 2.14- and a 2.70-fold 
increased risk of COVID-19-associated mortal- 
ity, respectively, while diabetic subjects with 
poor glycaemic control (HbAlc > 9.0%) had a 
12.07-fold increased risk of death [56]. These 
studies, from both high- and low-to-middle- 
income countries, showed evidence of an asso- 
ciation of both non-communicable and 
infectious diseases with higher mortality in sub- 
jects with COVID-19. 

The reason for the higher risk of severe 
COVID-19 and mortality in subjects with 
comorbid diseases is not fully understood. 
However, it has been hypothesized that this may 
be due to the high level of endothelial dysfunc- 
tion and systemic inflammation in subjects with 
cardiometabolic diseases [57, 58]. Many sub- 
jects with obesity, hypertension, type 2 diabetes 
or CVD have underlying endothelial dysfunc- 
tion and systemic inflammation. Thus, the build- 
ing blocks for vascular leakage and the cytokine 
storm are already in place, and infection with 
SARS-CoV-2 will build upon these pre-existing 
pathologies increasing the risk for severe 
COVID-19 (Fig. 3.3). Subjects with HIV infec- 
tion also have underlying endothelial dysfunc- 
tion and systemic inflammation [39], and this 


may partially explain the higher mortality rate 
observed for subjects coinfected with HIV and 
SARS-CoV-2 [56]. However, the immune sup- 
pression that is characteristic of HIV may also 
explain this finding. 

The other endemic human coronavirus spe- 
cies, MERS-CoV, SARS-CoV, HCoV- 
229E,  HCoV-NL63, HCoV-OC43 and 
HCoV-HKU1, have also been associated with 
more severe disease in subjects with CVDs 
[36]. Alongside the similar symptoms seen on 
infection with these viruses, this observation 
again suggests that all seven coronaviruses 
have similar effects on the endothelium and the 
inflammatory response. 

Inflammation and endothelial damage and 
dysfunction are aetiological factors in athero- 
sclerotic plaque formation [59]. It is therefore 
possible that coronavirus infection may enhance 
atherosclerosis [60] and that even after the 
infection has passed, plaque formation may 
progress, especially in those with pre-existing 
risk factors such as obesity, diabetes or dyslipi- 
daemia. Long-term follow-up studies of survi- 
vors of SARS-CoV-2 infection are necessary to 
investigate if the incidence of atherosclerotic 
diseases such as coronary artery disease or sub- 
clinical atherosclerosis, as assessed using 
carotid intima-media thickness, is different 
from that in subjects who were never infected. A 
12-year follow-up study comparing survivors of 
SARS-CoV-] infection to those with no infec- 
tion has been performed [61]. The number of 
study subjects was small (n 2 25 per group), but 
it was shown that incident cardiovascular abnor- 
malities were more common (44% vs 0%) in the 
infected group, although no details were given 
of these abnormalities. 

Comorbid diseases obviously increase the risk 
of severe COVID-19 and of mortality and must 
therefore be monitored during infection and con- 
trolled as optimally as possible. Therapies for the 
treatment of COVID-19 itself are being inten- 
sively investigated, and the possible use of agents 
that improve endothelium function must be 
considered. 
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Fig. 3.3 The relationships between comorbid diseases, 
inflammation, vascular function and SARS-CoV-2. 
Obesity is an inflammatory state due to the secretion of 
cytokines such as IL-6 and TNF from adipose tissue. 
These cytokines cause insulin resistance and thus increase 
the risk of other comorbid diseases such as type 2 diabetes 
and hypertension. Obesity can also lead to diabetes and 
hypertension by mechanisms other than inflammation. 
Inflammation causes endothelial dysfunction as do obe- 
sity, hypertension and diabetes, and endothelial dysfunc- 
tion can also enhance inflammation by the production of 
inflammatory cytokines from activated endothelial cells. 
Endothelial dysfunction is involved in vascular pathology 
including increased vascular permeability, enhanced 


3.7 Targeting the Endothelium 


in Treatments for COVID-19 


The endothelium is a major target of the cyto- 
kine response to SARS-CoV-2 infection, leading 
to dysfunction and weakening of the vascular 
barrier. Thus, attenuating this cytokine storm 
may protect the endothelium and reduce vascu- 
lar leakage, and a number of anti-inflammatory 
agents are currently being assessed as therapeu- 
tic interventions for COVID-19. Dexamethasone, 
a strong anti-inflammatory agent, has already 
shown positive responses in severe COVID-19 
cases [62]. It has been suggested that IL-6 should 
be the main focus of anti-cytokine therapy, 
because this molecule is one of the main drivers 
of the inflammatory response to SARS-CoV-2 
infection and has major effects on endothelial 
function [49]. However, the use of anti- 
inflammatory therapies must be considered with 
caution as its usage is hindered by several factors 
such as correct timing of the treatment, second- 
ary infections and cytokine measurement. It is 
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coagulation leading to thrombosis and atherosclerotic dis- 
ease. Comorbid diseases and inflammation can also affect 
the vasculature independently of their effects on endothe- 
lial dysfunction; for example, diabetes can have profound 
effects on major blood vessels and capillaries via chronic 
hyperglycaemia. The SARS-CoV-2 virus causes both 
inflammation and endothelial dysfunction enhancing the 
effects of the comorbid diseases. It should be noted that 
the virus has been associated with new-onset diabetes and 
worsening of glycaemic control in pre-diagnosed diabet- 
ics, and it has been suggested that the virus may also cause 
elevated blood pressure. Both of these effects are thought 
to be mediated by the ACE-2 protein 


thought that the use of IL-6 antagonists such as 
tocilizumab, which 1s a humanized monoclonal 
antibody targeting the IL-6 receptor, might only 
be beneficial in severely infected patients with 
elevated serum levels of IL-6 [63]. Moreover, 
COVID-19-infected patients do not share the 
same inflammatory profile. Significant fluctua- 
tion in serum levels of IL-6 in severely infected 
COVID-19 patients has been reported [49]. 
Despite these misgivings, small clinical trials 
without the use of a control group have shown 
both positive and negative effects of tocilizumab 
therapy in severe COVID-19 cases [64, 65]. 
These studies need to be replicated in larger pop- 
ulations set within more stringent clinical trial 
frameworks. Anti-TNF agents have also been 
suggested as therapy options for COVID-19 
[66]. This cytokine is also a prominent role 
player in the cytokine storm with endothelial 
effects [51]. A small study of the anti-TNF 
monoclonal antibody infliximab in seven treated 
and non-treated COVID-19 cases did show clini- 
cal improvements with the therapy, but again, 
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these results need to be confirmed in larger clini- 
cal trials. 

Statins are known to have both anti- 
inflammatory and pro-endothelial effects, and it 
has been hypothesized that they may be an effec- 
tive therapy for COVID-19. These drugs have 
been used to treat other viral infections such as 
influenza and Ebola, with some success [67, 68]. 
In fact, in the studies on Ebola, statins were used 
in conjunction with angiotensin receptor blockers 
(ARBs), as both agents have been reported to 
counteract endothelial dysfunction. The use of 
ARBs to treat COVID-19 is contentious as these 
drugs are known to upregulate expression of 
ACE2, the SARS-CoV-2 receptor [69]. 

Disruption of endothelial function by corona- 
virus leads to activation of the coagulation path- 
way [51]. Therapies directed at downregulation 
of this pathway have therefore been suggested for 
treatment of COVID-19, and it has been recom- 
mended that anticoagulants be used prophylacti- 
cally in severe COVID-19 cases to reduce the 
risk of thrombosis [70]. 

There are a number of therapeutic agents 
which act directly or indirectly on the endothe- 
lium to attenuate inflammation, endothelial dys- 
function and thrombotic events and hence 
improve vascular function. Many of these thera- 
pies have not yet completed testing in properly 
controlled clinical trials, although a number of 
such studies are currently in progress. The use of 
these drugs in combination must also be consid- 
ered in future trials. 


3.8 Conclusions 

The endothelium has gained attention in recent 
years as a target for many different viral infec- 
tions, and this has been strongly highlighted with 
the current SARS-CoV-2 pandemic. Its multiple 
functions have ensured that any pathological 
changes induced in this tissue will have profound 
effects on health. The targeting of therapies 
toward the endothelium is therefore essential, 
and the development of such agents has been 
augmented by studies showing that pre-existing, 
commonly used drugs do have positive effects on 


endothelial function. The outcome of current 
clinical trials on new therapies that modulate 
endothelial activity in the context of COVID-19 
is eagerly awaited. 
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COVID-19 is a fatal respiratory disease caused 
by a novel coronavirus that quickly became a 
pandemic. Pregnant women and neonates are 
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two vulnerable groups in COVID-19 infections 
because the immune system weakens during 
pregnancy. The present review study was con- 
ducted to investigate the rate of vertical trans- 
mission in infants born to women with 
COVID-19 infections and to describe the char- 
acteristics of the affected infants. We conducted 
a search of the various scientific databases using 
relevant keywords. All English-language stud- 
ies involving neonates born to women who had 
COVID-19 infections were included. The main 
outcomes were rates of vertical transmission 
and the characteristics of the affected newborns. 
Out of 13 selected studies, 103 newborns were 
involved. The rate of vertical transmission was 
5.496. Of the five infected newborns, four were 
full-term and one was preterm. All were born by 
Cesarean section. The clinical symptoms were 
vomiting, fever, lethargy, shortness of breath, 
and cyanosis. In four newborns, a chest x-ray 
showed evidence of pneumonia. The most com- 
mon laboratory finding was leukocytosis and 
elevated creatine kinase levels. One newborn 
needed mechanical ventilation. All newborns 
recovered and were discharged. The findings of 
this review study showed that the prognosis of 
newborns of infected mothers was satisfactory, 
and clinical symptoms of infected neonates did 
not differ from adults and were nonspecific. 
Due to the low amount of data regarding this 
field, further studies with higher sample sizes 
are required for more definitive conclusions. 
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4.1 Introduction 

The emergence of the novel SARS-CoV-2 
(COVID-19) virus in December 2019 in Wuhan, 
China, has rapidly led to a global pandemic and 
has become one of the most important health 
threats in recent times [1]. SARS-CoV-2 is a 
member of the family of coronaviruses responsi- 
ble for two dangerous diseases that occurred 
within the last two decades, SARS (severe acute 
respiratory syndrome) and MERS (Middle East 
respiratory syndrome) [2]. Such diseases can be 
fatal due to destruction of lung alveoli and pro- 
gressive respiratory failure [3]. 

We are witnessing the daily growth of pub- 
lished research on different aspects of 
COVID-19 in different scientific databases, and 
researchers are trying to increase knowledge 
about different aspects of this disease. An impor- 
tant question that remains unanswered is whether 
or not COVID-19 can be transmitted from a preg- 
nant woman to her fetus or neonate, a process 
called vertical transmission. If this turns out to be 
the case, it also remains to be determined what 
the severity and course of the disease will be in 
infants. Nissen et al. explained that the clinical 
symptoms of neonatal pneumonia are usually 
nonspecific, and it is therefore difficult to diag- 
nose and treat [4]. Pregnant women and neonates 
are thought to be especially vulnerable to the 
novel coronavirus because the immune systems 
of both groups are weaker than others [5]. 

Studies of SARS, MERS, and other human 
coronavirus infections have suggested that such 
diseases can lead to adverse fetal and neonatal 
outcomes, such as intrauterine growth retarda- 
tion, preterm labor, intensive care unit (ICU) hos- 
pitalization, spontaneous abortion, and perinatal 
mortality [6]. More scientific evidence regarding 
various aspects of COVID-19 infection is needed 
to develop effective strategies for prevention and 
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clinical care. The present review was conducted 
to investigate the rate of vertical transmission in 
infants born to women who suffered from 
COVID-19 infection, and it describes the charac- 
teristics of the affected infants. 


4.2 Methods 

In this review, we conducted a search in the vari- 
ous scientific databases with varying combina- 
tions of the keywords “COVID-19,” “COVID19,” 
“2019 novel coronavirus infection," “COVID-19 
pandemic,” “coronavirus disease-19," “novel 
coronavirus disease," "pregnancy, “pregnancy 
outcomes," “neonate,” “newborn,” and “vertical 
transmission.” Any type of English-language 
studies involving neonates born to women who 
suffered from COVID-19 infection was included. 
The main outcomes of our study were the rate of 
vertical transmission of novel coronavirus and 
the characteristics of the affected newborns. Two 
authors screened the titles and abstracts of result- 
ing articles to exclude irrelevant studies. Then, 
they retrieved full text articles of seemingly rele- 
vant studies, examined these, and resolved any 
disagreement through discussion and final agree- 
ment. The same researchers designed a data 
extraction form that included the following infor- 
mation: first author’s name, number of case(s), 
gestational age, method of birth, Apgar score [7], 
weight, result of throat swab, result of computer- 
ized tomography (CT) scan of lungs or chest 
X-ray, outcomes and clinical symptoms, diagnos- 
tic tests, and type of treatment in infected 
neonates. 

In creating this study, in accordance with ethi- 
cal principles, researchers refrained from data 
fabrication and never manipulated data for their 
own benefit. In all sections of the article, they 
also strived to avoid plagiarism. 


4.3 Results 

Out of 13 studies, 103 newborns were involved, 
ranging from 1 to 33 per study. The characteris- 
tics of the neonates studied are shown in 
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Table 4.1. Approximately one-fifth of the new- 
borns were preterm and the rest were full-term. 
All of the studies were conducted in China, 
83.596 of the newborns were born by Cesarean 
section, and 16.9% had low birth weight (LBW). 
A total of 93 tests were performed to detect coro- 
navirus with five positive results (5.4%). One 
case of stillbirth [8] and one case of neonatal 
death [5] were reported. 

The characteristics of the infected neonates 
are shown in Table 4.2. Of the five infected new- 
borns, four were full-term and one was 31 weeks 
and 2 days old at birth. All were born by Cesarean 
section. The sex of four of these infants was male, 
but sex information was not provided in the study 
by Yu et al. [9]. Two cases of meconium-stained 
amniotic fluid [10, 11], one case of premature 
rupture of membranes, and one case of fetal dis- 
tress were found [11]. The clinical symptoms 
were as follows: 3096 of newborns had vomiting, 
20% had fever, 20% had lethargy, 20% had short- 
ness of breath, and 10% had cyanosis. In four 
newborns, a chest x-ray showed evidence of 
pneumonia. The most common laboratory find- 
ing was leukocytosis and elevated creatine kinase 
levels. One premature newborn needed mechani- 
cal ventilation. All newborns were cured and 
finally discharged from the neonatal intensive 
care unit (NICU). 


4.4 . Discussion 
The findings of the present review study showed 
that the vertical transition rate of COVID-19 was 
5.496. As this only related to 5 out of 103 new- 
borns, it was not possible to judge whether or not 
this finding is conclusive. Because four-fifths of 
the pregnant women whose neonates were 
included in the study had a full-term pregnancy at 
the time of developing of COVID-19 infection, 
the majority of newborns were also full-term. 
Therefore, it is not clear what the rate of trans- 
mission to the fetus would have been if the dis- 
ease had occurred earlier in the pregnancy. 

In general, the neonatal consequences in neo- 
nates born to mothers with COVID-19 are favor- 
able. Of the five neonates who developed 


COVID-19 infections, only one appeared to be 
seriously ill. In addition to COVID-19, this neo- 
nate suffered from asphyxia, LBW, and other 
complications of prematurity. 

According to the evidence obtained so far in 
adults, the most common clinical symptom of 
COVID-19 infection is fever. A report of 72,314 
records in China showed that in patients with 
coronavirus, typical symptoms were fever, cough, 
and fatigue [12]. The findings of our study 
showed that vomiting was the most common 
symptom in infected neonates. Therefore, 
COVID-19 pneumonia in infants appears to have 
nonspecific clinical symptoms. In this regard, 
March et al. suggested that fever is not a good 
indicator of viral pneumonia in infants [13]. 

The findings of this study also showed that 
most neonates were born by Cesarean section, 
and the rate of vaginal delivery was only 16.5%. 
Also, the infected neonates were all born by 
Cesarean section. An expert consensus for man- 
aging pregnant women and neonates born to 
mothers with suspected or confirmed novel coro- 
navirus infection stated that at present, there is no 
conclusive evidence of the best delivery method 
to reduce the risk of vertical transmission [14]. In 
other words, whether or not Cesarean section can 
reduce the risk of vertical transmission in 
COVID-19 remains to be determined. According 
to the evidence, the decision on the time and type 
of delivery in pregnant women suffering from 
COVID-19 infections requires a multidisci- 
plinary teamwork approach and is influenced by 
several factors such as the patient's clinical con- 
dition and obstetrical factors [15]. 

Finally, it is important to note that, so far, 
there is little data about the impact of the 2019 
novel coronavirus on neonatal outcomes. The 
papers reviewed above are mostly studies with a 
small sample size and may therefore have been of 
low quality. Thus, this factor may be limiting in 
interpreting the findings of this study. To achieve 
more realistic results, more studies with more 
detailed design are needed. We suggest that stud- 
ies should be conducted to determine which fac- 
tors can be used to predict the risk of pregnant 
women with COVID-19 infection, giving birth to 
neonates with viral infection. This may include a 
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combination of physiological, imaging, and 
blood-based molecular biomarker data. 


4.5 . Conclusions 

The findings of this review study showed that the 
prognosis of newborns of infected mothers was 
satisfactory, and clinical symptoms of infected 
neonate differ from adults and are nonspecific. 
Due to the lack of data, the authors strongly rec- 
ommend that more studies be performed on neo- 
nates of infected women to achieve more accurate 
and definitive results. Attempts should be made 
to identify risk factors of both vertical transmis- 
sion and perinatal infection. 
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the disease, and to determine if this informa- 
tion can be used in the development of novel 
treatment approaches for the COVID-19 
pandemic. 




















Keywords 


SARS-CoV - SARS-CoV-like - SARS-CoV-2 
- COVID-19 - Angiotensin converting enzyme 
2 - ACE2 - Spike protein - Receiver connec- 
tion range - Bat-SARS-CoV 








5.1 Introduction 

Nidovirales encompasses three viral families 
known as Coronaviridae, Arteriviridae, and 
Roniviridae. Although these have common 
genomic characteristics and use the same strat- 
egy for replication inside hosts, they differ in 
morphology. The main pathogenic forms to 
humans involve two genera known as coronavi- 
rus and torovirus. Coronaviruses are spherical 
enveloped viruses with a diameter of 100—120 nm 
and contain a single-core RNA genome with pos- 
itive polarity. They gained the “Corona” nomen- 
clature due to their spike proteins having a similar 
appearance to a crown in electron micrographs 
(Fig. 5.1). These viruses also contain signifi- 
cantly more RNA than most other viruses at 
27—32 kilobytes in length. The fast multiplicity 
of coronaviruses confers their high recombina- 





Fig. 5.1 Electron micrograph of SARS-CoV 


tion capacity [1]. This makes them highly infec- 
tious in avian and mammalian species. 

Based on genomic sequences, coronaviruses 
can be divided into four groups known as, alpha 
(HCoV-229E, HCoV-NL63), beta (HCoV-OC43, 
HCoV-HKUI, MHV, SARS-COV, MERS-COV), 
gamma (IBV), and delta (pdCoV) [2-4]. The 
alpha and beta forms are infective in mammals, 
the gamma forms appear specific for birds, and 
the delta form is less defined. The Severe Acute 
Respiratory Syndrome epidemic of November 
2002 to July 2003 was caused by a beta- 
coronavirus (SARS-CoV). This first erupted in 
the Guangdong province of China in November 
2002 and spread to approximately 30 countries or 
territories, such as Hong Kong, Taiwan, Canada, 
Singapore, Vietnam, USA, and the Philippines 
[5]. Within 9 months, no new cases were reported 
but a total of 8098 people had been infected and, 
of these, 774 had died. Thus, the death rate of 
SARS-CoV was almost 10% of the infected pop- 
ulation. An eruption of another beta-coronavirus 
known as Middle East Respiratory Syndrome 
(MERS-Cov) began in September 2012 with the 
majority of cases occurring in Saudi Arabia and 
some spreading to other countries, such as United 
Arab Emirates, Jordan, Qatar, and South Korea 
[6]. 

Late in 2019, a novel coronavirus erupted in 
the city of Wuhan of the Hui province of China. 
This virus was named SARS-CoV-2 and the 
World Health Organization (WHO) named the 
disease COVID-19 (for coronavirus disease 
2019) [7, 8]. The recurrence and fulminant 
spreading of SARS-CoV-2 indicated that it was a 
potential threat to health around the world. The 
genome of SARS-CoV-2 is more similar to other 
beta-coronaviruses such as those from bats, as 
well as SARS-CoV and MERS-CoV. Early mani- 
festations of the disease are fever, fatigue, dry 
coughing, myalgia, and dyspnea. Some patients 
may report headache, vertigo, stomach ache, 
diarrhea, nausea, and vomiting. In addition, some 
cases may progressively develop respiratory dis- 
tress leading to alveolar injury and death [9]. 

The first step that occurs during a viral infec- 
tion relies on the ability of the virus to enter the 
cells of the host via recognition and attachment to 
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Fig.5.2 Scheme 
showing the interaction 
between SARS-CoV and 
ACE2 to gain entry into 
host cells 


a specific receptor [10]. Many studies have 
reported that the SARS-CoV receptor is angio- 
tensin converting enzyme 2 (ACE2) (Fig. 5.2) 
[11, 12]. As the pandemic progressed, more stud- 
ies were carried out on this topic and these con- 
firmed that the novel coronavirus also uses ACE2 
to gain entry into host cells [13-16]. ACE2 is 
homologous to ACE that regulates blood pres- 
sure, fluid and electrolyte balance, and systemic 
vascular resistance [17]. In this pathway, renin 
converts angiotensinogen to angiotensin | (AGT- 
I) and ACE converts AGT-I to AGT-II. In turn, 
AGT-II acts on the adrenal gland, causing it to 
release aldosterone. ACE2 converts AGT-I to 
AGT (1-9) and AGT-II to AGT (1—7) which bind 
to the mitochondrial assembly receptor (MAS), 
leading to antagonism of a wide variety of the 
effects of AGT-II. In general, ACE2 acts as a 
counter- regulatory enzyme that decreases the 
local concentration of AGT-II [18]. 

There are also two types of ACE2 with respect 
to functional characteristics. ACE2 contains a 
trans-membrane domain that connects its extra- 
cellular domain, which can act as a receptor for 
coronavirus spike proteins [11—16]. ACE2 is 
expressed in many cell types, especially pulmo- 
nary pneumocytes, myocardium cells, cholangio- 
cytes, proximal tubules of the kidney, surface 
enterocytes of the intestines, cholecyst cells, lym- 
phatic endothelial cells, epithelial cells of the 
bladder, corporeal cytotrophoblasts, and syncy- 
tiotrophoblasts, and it is also found in the eyes, 
epithelial cells of the mouth cavity, monocytes 


SARS-CoV 





ACE2 


and macrophages, parietal cells of the stomach, 
the external layer of the adrenal glands, pancre- 
atic islet cells, acidophilic cells of parathyroid 
glands, epithelial cells of sweat glands, and aci- 
dophilic cells of the pituitary [17, 18]. 

The spike proteins of SARS-CoV-2 provide 
the mechanism that allows it to enter cells in a 
manner similar to that used by the SARS corona- 
virus [13-16]. The spike protein contains two 
domains known as S1 and S2, and the receptor 
binding domain (RBD) is the main functional 
determinant within the S1 region that plays a cru- 
cial role in binding to ACE2 [19]. Species like 
civets, horseshoe bats, ferrets, golden Syrian 
hamsters, rabbits, turtles, monkeys, cows, sheep, 
pigs, weasels, and raccoon dogs are potential 
hosts for SARS-CoV-2 due to their inherent 
ACE2 receptors [20]. Studies of the RBD amino 
acid sequences of coronaviruses and the ACE2 
attachment site have led to some information on 
severity of infections as well as the identity of 
potential intermediate hosts [11—16, 19, 20]. In 
general, a more comprehensive understanding of 
ACE2 expression regarding cells, tissues, organs 
and host species, as well as on the evolution and 
adaptability of the coronavirus spike proteins, 
may aid our development of effective 
treatments. 

With this in mind, the aims of this review were 
to: 1) identify the primary reservoirs and interme- 
diate hosts of coronaviruses; 2) explore the inter- 
action between the coronavirus spike proteins 
and ACE2; 3) determine if any relationship exists 
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between ACE2 tissue expression and the clinical 
manifestations of coronavirus infection; and 4) 
use this information to provide potential insights 


into novel treatment strategies against 
COVID-19. 
5.2 Methods 


This scoping review focused on the probable 
relationship between the novel COVID-19 coro- 
navirus, SARS-CoV-2, and the ACE2 receptor. 
The selection process followed the Preferred 
Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) criteria (Fig. 5.3). 


Data Sources and Research 
Strategies 


5.2.1 


All published and unpublished (gray literature) 
works up to the 21st of March 2020 were inves- 
tigated. At first, suitable and related keywords 
were defined by the research team then the fields 


Records identified through 


database screening: 
(n=207 


Identification 
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of title, abstract, keywords, topic, title/abstract 
were examined using the English language data- 
bases of Scopus, Web of science, ProQuest, 
Embase, and PubMed. Medical Subject 
Headings (MeSH) databases were also assessed 
and related synonyms were applied to increase 
the comprehensiveness of the study and mini- 
mize attrition. In addition unique Boolean syn- 
tax and operators related to each database were 
applied to extend the scope of the search 
(Table 5.1). 


5.2.2 Study Selection 


In the first stage of the search, all English- 
language studies were tracked considering title 
and abstracts, and papers addressing the key 
points were included. This included studies 
reporting on angiotensin converting enzyme 2 
(ACE2) or SARS-like coronavirus in any hosts, 
studies covering any relation between the spike 
protein residues of coronaviruses and amino acid 
sequences of ACE2, as well as studies related to 


Additional records 


identified through other 


resources: (n=0) 





Records after duplicates removed: 
(n=113 


Screening 


Records screened: (n=94) 


Eligibility 





Full text articles assessed 
for eligibility: (n=92) 


Records excluded: (n=2) 


Full text articles excluded: 
(n=14) 


Studies included in the 
review: (n=78) 


Fig. 5.3 Scheme showing the study selection procedure 
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Table 5.1 Search terms and databases 


Scopus: 74 TITLE (“angiotensin converting enzyme 
2” OR ace2) AND TITLE (“SARS CoV” OR 
coronavirus OR covid OR “SARSr CoV” OR “MERS 
CoV” OR ncov) 

PubMed: 72 (“angiotensin converting enzyme 2” 
[title] OR ace2 “angiotensin converting enzyme 2” 
[title] OR ace2 [title]) AND (“SARS CoV” [title] OR 
coronavirus [title] OR covid [title] OR “SARSr CoV” 
[title] OR “MERS CoV” [title] OR ncov [title]) 
ProQuest: 171 (“angiotensin converting enzyme 2” 
OR ace2) AND ti (“SARS CoV” OR coronavirus OR 
covid OR “SARSr CoV” OR “MERS CoV” OR ncov) 
Web of science: 65 ("angiotensin converting enzyme 
2" OR ace2) AND TITLE: (“SARS CoV” OR 
coronavirus OR covid OR “SARSr CoV” OR “MERS 
CoV" OR ncov) 

EMBASE: 79 (“angiotensin converting enzyme 2": Ti 
OR ace2: T1) AND (“sars cov": Ti OR coronavirus:Ti 
OR covid:Ti OR “sarsr cov’:Ti OR “mers cov": Ti OR 
ncov:Ti) 


Table 5.2 Inclusion and exclusion criteria for selected 
articles 


Inclusion criteria Exclusion criteria 


Published in English Not written in English 

Published between Literature that did not 

January 2003 and March | include empirical data 

2020 (letters, editorials, news, 
etc.) 

Focus on relationship Articles found not be 

between ACE2 and relevant 


SARS-coronaviruses 


expression of ACE2 in cells, tissues, and body 
organs. The refining process was done by all the 
research team members to increase accuracy. The 
inclusion and exclusion criteria are summarized 
in Table 5.2. 


5.2.3 Listing and Exploring Data 
and Analyzing the Studies 


The format for listing data followed the Joanna 
Briggs Institute (JBI) approach as an accepted 
methodology for scoping reviews. The research 
team decided how to search questions. After 
discussions and investigations, the following 
topics were explored: 1) the country (or coun- 
tries) in which the study was carried out, 2) 
study type, 3) the aims, and 4) the main find- 
ings. To increase accuracy, two external review- 


ers checked and explored the results separately. 
General conformity was obtained by discus- 
sions in cases of disagreement between the 
team members or between the team members 
and external reviewers. Kendall's coefficient of 
concordance was acceptable between the 
research team (r = 0.95; p « 0.0001) and 
between the team and reviewers (r = 0.93; 
p « 0.0001). 


5.3 Results 


5.3.1 Search Outcomes 

The PRISMA flow chart was used to illustrate the 
study selection process and results (Fig. 5.3). 
Across the five databases a total of 207 studies 
were retrieved. After removal of duplicates, 94 
titles and abstracts were screened for relevance 
and two were removed. The remaining 92 full- 
text articles were screened for eligibility and 78 
articles were considered directly related to the 
research questions and included for the 
synthesis. 


5.3.2 Article Information 


Among the 78 studies, 73 used laboratory meth- 
ods [22-31, 33-37, 38-42, 44—47, 48, 49, 50, 
52—97], 2 were reviews [21, 98], 1 was a title of 
book [51], 1 was correspondence [99], and 1 was 
a perspective [32]. 

The included studies originated from different 
countries and, based on frequencies, 26 were 
from China [25, 27, 30, 31, 33, 39-42, 4446, 53, 
56, 57, 61, 62, 65, 73, 74, 76, 77, 82, 86, 94, 97], 
18 from the USA [21, 22, 24, 26, 28, 36, 37, 38, 
47, 49, 55, 58, 68, 69, 72, 79, 84, 99], 15 were 
carried out as multinational collaboration [29, 32, 
35, 50, 51, 54, 59, 66, 70, 75, 88, 90—92, 98], 5 
were from Japan [34, 48, 64, 78, 87], 4 from 
Germany [38, 71, 85, 96], 3 from Poland [52, 83, 
89], 3 were from Taiwan [63, 66, 67], 2 Holland 
[23, 60], 1 Israel [81], and 1 from South Africa 
and Tunisia [80]. 
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5.3.3 Narrative Summary of Studies 


The main topics that the 78 studies focused on 
were: 1) the primary or intermediate reservoirs of 
coronaviruses; 2) the relationship of spike protein 
of the viruses and ACE2 as the related receptor; 
3) the expression of ACE2 in various body 
organs; and 4) the recommended medical strate- 
gies based on the relationship of the spike protein 
and ACE2. 


5.3.4 Studies Addressing 
the Primary Reservoir 
and Intermediate Hosts 
of Coronaviruses 


Fifteen relevant studies are summarized below: 
1. Li et al. (2006) addressed the following ques- 
tions [98]: 

(a) If bats are a reservoir of SARS-CoV-like 

viruses, when and in which species did these 

viruses acquire a spike protein capable of 
using palm civet and human ACE2? 

Are changes in the spike protein which 

enhanced human-to-human transmission a 

likely consequence of incubation in palm 

civets and other animals or is it a unique 
event not likely to recur? 

Did SARS-CoV gain the use of ACE2 

through recombination and, if so, with what 

virus? 

(d) What changes in other viral proteins were 
necessary for SARS-CoV to infect humans 
efficiently? 

This paper described the emergence of dangerous 

variants of common pathogens including 

HCoVNL63 and animal equivalents and dis- 

cussed coping strategies of viruses such as 

recombination. 

2. Heller et al. reported that both mink and 
palm civet had 83/87 amino acid identity/ 
similarity with human ACE2 [22]. This study 
suggested mink as a potential reservoir of 
SARS coronavirus in North America and 
established it as a suitable animal model to 
study this virus. 

3. Zamoto et al. showed that ferret ACE2 acts 
as a SARS-CoV receptor with similar effi- 


(b) 


(c) 
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ciency as human ACE2 and with greater effi- 
ciency than mouse ACE2 [48]. 


. In 2007, a study by Fukushi et al. showed 


that SARS-CoV needs to bind via the RBD 
in the spike protein to ACE2 [78]. 


. Chen et al. reported that, in comparison to 


human ACE2, 38 nonsynonymous changes 
exist in Chinese rhesus- ACE2, but this is just 
as effective as the human homolog in sup- 
porting viral entry [77]. The study also high- 
lighted a natural mutation of tyrosine to 
asparagine at position 217 that can lead to 
downregulation of human-ACE2 and reduce 
viral entry. 


. Guo et al. reported that the number of amino 


acid differences between human-ACE2 and 
cat, civet, mouse, and rat ACE2 was 3, 8, 9, 
and 11, respectively [76]. Since there is no 
difference in the binding ability of cat ACE2 
to the SARS-CoV spike protein, the possibil- 
ity of zoonotic transmission of SARS-CoV 
from animals to humans is supported and, of 
the species tested, the cat ACE2 sequence 
was evolutionarily the closest. 


. Xu et al. stated there are six amino acid dif- 


ferences in raccoon dog ACE2 compared 
with human ACE2 and concluded that the 
raccoon dog may serve as a critical interme- 
diate host for SARS-CoV and may have 
played a key role in SARS-CoV outbreaks 
[25]. 


. In 2010, Hou et al. pointed out that two bat 


species, Myotis daubentoni and Rhinolophus 
sinicus, are likely to be susceptible to SARS- 
CoV and may be candidates as the natural host 
of the SARS-CoV progenitor or virus [75]. 


. The study run by Demogines et al. reported 


that ACE2 utilization preceded the emer- 
gence of SARS-CoV-like viruses from bats 
[47]. Their results were consistent with a 
model in which an ACE2-utilizing bat coro- 
navirus infected civets and/or other interme- 
diate hosts, or possibly even humans directly. 
Li et al. noted that human, civet, mouse, cat, 
golden Syrian hamster, and horseshoe bat 
support infection of SARS-CoV [45]. 
Therefore, comprehensive surveillance of 
these animals is suggested when SARS or 
SARS-like CoVs reemerge in the human 
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population in the future. This study also 
reported that rabbits and horseshoe bats are 
animal carriers of SARS-CoV. 

Ge et al. identified two coronaviruses from 
Chinese horseshoe bats, RSSHC0O14 and 
Rs3367, which had the highest similarity to 
SARS-CoV, compared to other bat coronavi- 
ruses [29]. The similarity was highest in the 
RBD of the spike protein, supporting the 
case that these bat species as natural reser- 
voirs of SARS-CoV. 

Recently Cao et al. found that East Asian 
populations have higher allele frequencies in 
expression of quantitative trait loci variants 
associated with higher ACE2 expression in 
tissues [74]. This may indicate different sus- 
ceptibilities or responses to SARS-CoV-2 
infection in different populations. 

Li et al. emphasized potential interspecies 
transmission of SARS-CoV-2 and the need 
for further surveillance in animal popula- 
tions [46]. They found that the ACE2 amino 
acid positions 30-41, 82-84, and 353-357 
are important in the interaction with SARS- 
CoV and amino acids 31, 35, 38, 82, and 353 
are critical. As humans and nonhuman pri- 
mates (gibbon, monkey, macaque, orang- 
utan, and chimpanzee) showed identical 
sequences over these regions, this makes 
them potential hosts of SARS-CoV-2. 
Another study by Liu et al. confirmed that 
other than pangolins and snakes, turtles are 
also potential intermediate hosts for trans- 
mission of SARS-CoV-2 to humans [73]. 


5.3.5 Studies Addressing 


the Interaction between 
Coronavirus Spike Proteins 
and ACE2 


We found 27 studies which addressed this point: 


l. 


Kuhn et al. reported ACE as a receptor for 
coronaviruses [21]. The paper stated that 
studying the receptor in detail is needed to 
progress in development of anti-viral drugs, 
vaccines, and animal models to survey 
pathogenesis of SARS-CoV. He concluded 


that the major questions that still need to be 
answered are the following: 1) Is ACE2 the 
only cellular factor permitting SARS-CoV 
cell entry or are co-receptors involved? 2) 
Does the inflammatory response to SARS- 
CoV infection lead to upregulation of ACE2 
expression in lung tissue? 


. Hofmann et al. pointed out the central role of 


ACE2 in SARS-CoV infection and a minor 
contribution of the ACE2 cytoplasmic 
domain to receptor function [71 ]. 


. Prabakaran et al. identified a deep channel 


on the top of the ACE2 molecule that con- 
tains the catalytic site and negatively charged 
ridges surrounding the channel that may 
provide a possible binding site for the posi- 
tively charged receptor-binding domain of 
the spike protein [72]. He also noticed hydro- 
phobic patches around the charges that could 
contribute to binding and the lack of carbo- 
hydrates at the top of the molecule could 
enable high-affinity binding. 


. Wong et al. stated that a 193-amino acid 


fragment of the spike protein (residues 318— 
510) bound to ACE2 more efficiently than 
did the full S1 domain (residues 12-672) 
[49]. In addition, smaller spike protein frag- 
ments, expressing residues 327—510 or 318— 
490, did not bind ACE2. 


. In their study, Zhang et al. reported that a 


SARS-CoV spike protein S1 residue (argi- 
nine 453) and an ACE2 residue (lysine 341) 
appear to be involved in the binding of 
SARS-CoV to ACE2 [50]. 


. Li et al. carried out a study which found that 


the lower affinity of three SARS-CoV spike 
proteins from the less severe 2003—2004 
outbreak could be enhanced by altering spe- 
cific residues within the spike protein-bind- 
ing site of human ACE2 to those of civet 
ACE2, or by altering spike protein residues 
479 and 487 to those that were present in the 
more severe 2002-2003 outbreak. This 
study suggested that the reason for the low 
prevalence and intensity of SARS 2003- 
2004 outbreak was due to lower affinity of 
the spike protein of this coronavirus to bind 
ACE2 [93]. 
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15. 
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. Lambert et al. showed that ADAM metallo- 


peptidase domain 17 (ADAM1/7) is the pro- 
tease responsible for ACE2 shedding [92]. 


. Huang et al. reported on two coronaviruses 


(SARS-CoV, HCoV-NL63) that both utilize 
the ACE2 receptor, but enter cells through 
distinct mechanisms [24]. Specifically, only 
SARS-CoV utilized the enzymatic activity 
of the cysteine protease cathepsin L to infect 
ACE2-expressing cells. 


. Smith et al. reported that although the spike 


glycoprotein of HCoV-NL63 shares only 
2596 amino acid sequence identity with that 
of SARS-CoV, both viruses used ACE2 as a 
receptor [52]. This suggested that both 
viruses evolved separately to bind to the 
same receptor. 

Póhlmann et al. described how the ACE2 
receptor was used for viral entry by 
CoV-NL63 despite little homology between 
this coronavirus and SARS-CoV [51]. 

The study run by Inoue et al. concluded that 
SARS-CoV mainly utilizes the clathrin- 
mediated endocytosis pathway for its entry 
into target cells and the cytoplasmic tail of 
ACE2 is not required for the penetration of 
SARS-CoV into cells [34]. 

The study of Li et al. noted that the spike 
proteins of SARS-CoV and HCoV-NL63 
bind overlapping regions of ACE2 that 
include a critical loop between beta-strands 
IV and V [91]. In addition, changes to ACE2 
residue 354, at the boundary of the SARS- 
CoV binding site, markedly inhibited utiliza- 
tion by HCoV-NL63 but not by SARS-CoV 
spike proteins. 

Glende et al. in their study highlighted that 
cholesterol-rich micro-domains provide a 
platform facilitating efficient interaction of 
the SARS-CoV spike protein with ACE2 
[90]. 

Mathewson et al. showed that the NL63 
coronavirus spike protein has a weaker inter- 
action with ACE-2 than the SARS-CoV 
spike protein [89]. 

Lin et al. reported that the NL63 coronavirus 
receptor binding domain binds to human 
ACE2 more efficiently than its full-length 
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counterpart, with a binding efficiency com- 
parable to the S1 or receptor binding domain 
of SARS-CoV [88]. 

Yoshikawa et al. reported that both AC70 
and AC22 transgenic mice expressing the 
human ACE2 receptor were permissive to 
SARS-CoV infection, and caused elevated 
secretion of many inflammatory mediators 
within the lungs and brains, although infec- 
tion was more intense with higher immuno- 
suppression in AC70 than in AC22 mice, 
especially in the brain [26]. 

Haga et al. identified multiple ACE2- 
truncated variants that lost the SARS-CoV 
spike protein-induced shedding of ACE2 and 
TNF-a production in lung tissue [87]. 

A study by Chen et al. showed that the viral 
spike protein led to upregulation of fibrosis- 
associated chemokine ligand 2 (CCL2) and 
production of virus-like particles, and this 
was mediated by extracellular signal- 
regulated kinase 1 and 2 (ERKI1/2) and the 
activator 1 protein (AP-1) transcription fac- 
tor but not by the IkBa-NF-«B signaling 
pathway [86]. 

Glowacka et al. reported that SARS-CoV but 
not NL63 coronavirus replicated efficiently 
in ACE2-positive cells and reduced ACE2 
expression [85]. 

The study of Wu et al. noted that binding to 
the same hot spot on human ACE2 was likely 
to be an outcome of convergent evolution by 
NL63-CoV and SARS-CoV [84]. 

Dijkman et al. showed that decreased ACE2 
expression is dependent on the efficiency of 
NL63 coronavirus replication, and that 
NL63-CoV and SARS-CoV both affect cel- 
lular ACE2 expression during infection [83]. 
The study of Heurich et al. resulted in trans- 
membrane protease serine 2 (TMPRSS2) but 
not ADAMTI7 protease promotion of SARS- 
CoV entry by two separate pathways: 1) 
ACE2 cleavage, which might promote viral 
uptake; and 2) SARS spike protein cleavage, 
which activates this protein for membrane 
fusion [96]. 

Song et al. showed that the spike glycopro- 
tein retains the pre-fusion trimer structure 
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after trypsin cleavage and low-pH treatment 
[82]. Also, binding with the host cell recep- 
tor ACE2 promotes the release of S1 sub- 
units from the S trimer and triggers the 
pre- to post-fusion conformational 
transition. 

Brielle et al. described the evolution of coro- 
naviruses (SARS-CoV, SARS-CoV-2, and 
NL63-CoV) towards host recognition [81]. 
Lan et al. suggested that SARS-CoV-2 is 
similar to SARS-CoV and reported that the 
similarities in structure and sequence of 
these two coronaviruses argue for conver- 
gent evolution towards improved binding to 
ACE2 [44]. 

Othman et al. reported that the interface seg- 
ment of the spike protein RBD might have 
been acquired by SARS-CoV-2 via a com- 
plex evolutionary process rather than muta- 
tion accumulation [80]. 

Yan et al. showed that SARS-CoV-2 recog- 
nizes an ACE2 dimer that complexes with a 
membrane protein, and drugs which disrupt 
this interaction may be effective in reducing 
infection [31]. 


5.3.6 Studies Investigating 


the Relationship between 
ACE2 Expression and Clinical 
Manifestations of COVID-19 
Infection 


Seventeen studies addressed this topic: 


L. 


To and Lo found that although ACE2 is 
expressed at high levels in pneumocytes and 
surface enterocytes of the small intestine, the 
tissue responses in these two organs are dif- 
ferent [27]. They also found that the pres- 
ence of ACE2 is not enough for coronavirus 
infection and that other receptors or cofac- 
tors may be required in some tissues. 


. Hamming et al. studied expression of the 


ACE2 protein on lung alveolar epithelial 
cells and enterocytes of the small intestine 
[60]. This revealed that ACE2 was present in 
arterial and venous endothelial cells, and 


10. 


11. 


arterial smooth muscle cells in all organs 
studied. 


. Mossel et al. reported that the human colon 


epithelial line CaCo-2 was the only human 
cell type out of 13 tested that supported effi- 
cient SARS-CoV replication [28]. 


. The study by Jia et al. showed that ACE2 


was more abundantly expressed on the apical 
surface of polarized epithelia, and well- 
differentiated cells support viral entry and 
replication [37]. 


. Ren et al. showed that ACE2 is localized on 


the apical plasma membrane of polarized 
respiratory epithelial cells and mediates 
infection from the apical side of these cells 
[59]. 


. Li et al. noted that both SARS-CoV recep- 


tors (ACE2 and CD209L) are expressed in 
organ/tissue-derived endothelial cells. The 
expression of the ACE2 receptor was highest 
in human lung microvascular endothelial 
cells, and expression of CD209L was higher 
in lymphatic endothelial cells [43]. 


. Tseng et al. showed that pre-inflammatory 


mediators and viral titer were high in lung 
and brain of transgenic mice expressing 
ACE2 [58]. 


. Yang et al. showed that SARS-CoV repli- 


cated more efficiently in lungs of ACE2 
transgenic mice than in those of wild-type 
mice. Similar signs (vasculitis, degeneration, 
and necrosis) were also seen in other organs 


[37 ]. 


. Dong et al. reported the mRNA of human 


ACE2 was expressed efficiently in normal 
lung tissue, but not in cartilage and cancel- 
lous bone under the weight-bearing area of 
the femoral head [56]. 

Netland et al. found that neurons are a sus- 
ceptible target for SARS-CoV and that only 
the absence of host cell receptors prevents 
severe murine brain disease [55]. 

A study by Oudit et al. focused on myocar- 
dium showed that that SARS-CoV can medi- 
ate inflammation and damage associated 
with downregulation of the myocardial 
ACE2 system, which may be responsible for 
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the myocardial dysfunction and adverse car- 
diac outcomes in patients with SARS [54]. 
Chai et al. showed that SARS-CoV-2 might 
directly bind to ACE2 positive cholangio- 
cytes but not necessarily to hepatocytes [53]. 
Deng et al. showed expression of ACE2 and 
TMPRSS2 in human kidney proximal 
tubules, indicating that the kidney is a poten- 
tial target organ of SARS-CoV-2 infection 
[42]. 

Ji et al. showed that after triggering func- 
tional changes in ACE2, an imbalance in the 
steady-state cytokine regulatory axis involv- 
ing the renin—angiotensin system and IP-10 
leads to a cytokine storm [94]. 

Li et al. reported that the SARS-CoV-2 
receptor ACE2 was widely spread in specific 
cell types of the maternal-fetal interface 
[41]. 

Lin et al. showed high ACE2 gene expres- 
sion in all subtypes of kidney proximal 
tubule cells and low expression in bladder 
epithelial cells [39]. 

Xu et al. reported ACE2 expression on the 
mucosa of the oral cavity and epithelial cells 
of tongue [30]. 


5.3.7 Studies Investigating New 


Twenty 


Treatment Strategies 
for COVID-19 Infection 


studies regarding new treatment 


approaches are summarized below: 


L. 


Han et al. showed that a peptide derived from 
ACE2, which consisted of two discontinuous 
parts of ACE2 (amino acids. 22-44 and 351- 
357), was a good candidate for the treatment 
of coronary heart disease [69]. 


. Li et al. described ACE2 as a functional 


receptor for SARS-CoV and showed that a 
solution form of ACE2 rather than ACEI 
could block the spike S1 domain [36]. This 
suggested the potential use of ACE2 antibod- 
les as a treatment for SARS infection, which 
may also be applicable to COVID-19 cases. 


. The findings of Moore et al. were in line with 


those of Li [70]. 
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. Batlle also recently reported that a soluble 


recombinant form of ACE2 appeared to neu- 
tralize SARS-CoV-2 in vitro [99]. 


. Hoffmann et al. showed that SARS-CoV-2 


uses ACE2 as a receptor and TMPRSS2 for 
spike protein priming [38]. This study sup- 
ported that case that TMPRSS2 inhibitors 
might be a treatment option. The study also 
showed that sera from convalescent SARS- 
CoV patients cross-neutralized viral entry 
and could therefore provide a treatment and/ 
or a vaccination strategy for patients with 
COVID-19. 


. Lei et al. generated a fusion protein contain- 


ing the RBD of the SARS-CoV spike protein 
linked to the Fc portion of human IgGl and 
found that this could be internalized into 
SARS-CoV-susceptible cells with ACE2 
[61]. This may also have some implications 
for vaccine development [61 ]. 


. Hoet al. also showed in their study that pep- 


tides derived from the spike protein, espe- 
cially the use of amino acid residues 
668-679, can compete with the ACE2- 
coronavirus interaction and prevent infection 
[67]. 


. Kuba et al. found that recombinant spike 


IgG-Fc proteins can block coronary artery 
disease associated with SARS-CoV [35]. 
This study also introduced the idea of using 
ACE2 inhibitors as a way to reduce injury 
and pulmonary edema. 


. Zhang et al. showed that recombinant spike 


S1 subunit proteins (amino acid residues 388 
to 496) can induce protective neutralizing 
antibodies against SARS-CoV [65]. 

Wang et al. also found that a SARS-CoV- 
RBD-IgG-Fc protein could bind to ACE2, 
again suggesting this as a potential vaccine 
approach [62]. 

de Lang et al. reported that the anti- 
inflammatory cytokines interferon-y and 
interleukin (IL)-4 could reduce effects of 
coronary artery disease via reduced ACE2 
expression [23]. 

He et al. showed that infection caused by 
coronaviruses can cause pro-inflammatory 
cytokines (MCP-1 and TGF-pl, TNF-a, 
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IL-16, IL-6) in pneumocystis and macro- 
phages of the lungs and bronchi, which can 
lead to acute lung damage [68]. This sup- 
ports the use of anti-inflammatory cytokines 
as a therapeutic strategy. 

Haga, S attributes the production of inflam- 
matory cytokines, especially TNF-a, to the 
stimulation of the 2019-nCoV spike and the 
cytoplasmic tail of ACE2. This is a multifac- 
eted interaction between the production of 
pre-inflammatory cytokines, protein spike 
SARS-CoV, and ACE2 [64]. 

Yan et al. showed that an siRNA approach 
can effectively prevent viral replication by 
targeting the ACE2 gene or viral nucleocap- 
sid protein [66]. 

Lu et al. also showed that downregulation of 
ACE2 expression using an siRNA approach 
could effectively reduce the proliferation of 
SARS-CoV [63]. 

Wang et al. also showed that reducing 
expression of ACE2 by siRNA, makes ACE2 
a therapeutic target [33]. 

Wu et al. suggested four potential treatment 
options for coronavirus infections: 1) the 
use of ACE2 recombinant proteins; 2) use 
of ACE2 inhibitors such as lisinopril; 3) 
use of ACE2 blockers such as losartan; and 
the use of angiotensin (7-1) to activate the 
MAS receptor for ACE2 neutralization 
[84]. 

Zhang et al. also provided treatment strate- 
gies for COVID-19 infection based on the 
role of ACE2, which included: 1) the use of 
vaccines against the spike protein; 2) the use 
of serum protease inhibitors against 
TMPRSS2; 3) blockade of ACE2 with small 
molecules; and 4) use of the ACE2 soluble 
form that binds competitively to the SARS- 
CoV spike protein [32]. 

Ho et al. reported on a number of small mol- 
ecules that disrupted the SARS-CoV — ACE2 
interaction and could therefore be promising 
leads for development of novel treatments 
for COVID-19 disease [67 ]. 


5.4 Discussion 

To the best of our knowledge, this is the first 
scoping review on the SARS-CoV-2 which aims 
to integrate the existing knowledge on the pri- 
mary hosts of coronaviruses, the relationship 
between the receptor binding domain of corona- 
viruses and the likely host cell receptor ACE2, 
the organ specificity of ACE2 expression com- 
pared with clinical manifestations of the disease, 
and whether or not this information can be used 
for development of novel treatment approaches. 

In the case of the SARS-CoV, exotic market- 
place animals were probably the immediate ori- 
gin of the virus [100]. These animals included 
palm civets as the likely carriers since SARS- 
CoV could be isolated from these animals. In 
addition, the infections which occurred coincided 
with the preparation and consumption of palm 
civet meat products in restaurants. SARS-CoV 
infections of other marketplace species have also 
been observed such as the cat, red fox, and bad- 
ger. Although these species may be an immediate 
source of SARS-CoV infections in humans, it is 
likely that they serve as a conduit of the virus 
from another reservoir species. The most likely 
of these reservoirs includes certain bat species 
such as the horseshoe bat [100]. 

For SARS-CoV-2, 6 amino acids in the RBD 
of spike protein amino have been found to be 
critical for ACE2 binding and host determination 
[101]. Interestingly, 5 of these amino acids differ 
between SARS-CoV-2 and SARS-CoV which 
seems to confer a higher affinity of SARS-CoV-2 
to ACE2 in humans, cats, ferrets, and other spe- 
cies. AS many early cases of SARS-CoV-2 infec- 
tion were linked to the Huanan market in Wuhan, 
it is likely that bats served as the primary reser- 
voir given the high genomic similarity of the 
RaTG13 bat coronavirus with SARS-CoV-2. In 
addition, illegally imported Malayan pangolins 
contain coronaviruses similar to SARS-CoV-2 
especially within the RBD domain. This suggests 
that the SARS-CoV-2 spike protein was most 
likely optimized for binding to human-like ACE2 
receptors by natural selection. 
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Taken together, this study provides insights 
into the spike protein of SARS-CoV-2 in relation 
to the probable host cell receptor, ACE2, in 
COVID-19 disease. Due to the diversity of coro- 
navirus species transmission and the internal and 
intergenerational diversity of these viruses, the 
reservoir and intermediate host of SARS-CoV-2 
is still not certain. However, as stated above, it is 
likely that the bat is the main animal reservoir 
and the results of a recent study are consistent 
with the pangolin being the intermediate host 
[102]. This latter study carried out molecular and 
phylogenetic analyses and showed that a pango- 
lin coronavirus (pangolin-CoV-2020) is geneti- 
cally related to SARS-CoV-2 and a group of bat 
coronaviruses and may therefore be natural hosts 
of betacoronaviruses. Thus, steps taken to mini- 
mize human exposure of humans to such wildlife 
will be important to reduce the risks of coronavi- 
ruses spreading from animals to humans. 

In addition, it is still not clear if the interaction 
between ACE2 and the SARS-CoV-2 spike pro- 
tein evolved separately or if they coevolved to 
permit the high infectivity of this coronavirus 
[103]. Recent studies have suggested that this 
could be due to the higher affinity of the SARS- 
CoV-2 spike protein receptor binding domain for 
ACE2 compared with other coronaviruses, such 
as SARS-CoV [104]. 

Although the clinical manifestations of 
COVID-19 disease are varied, at least some of 
these appear to be due to the targeting of ACE2 in 
different tissues and organs of the body. Although 
the virus likely enters the body at the level of the 
respiratory system due to the high levels of ACE2 
expression there, the virus can spread out and 
cause damage to other vital organs and tissues 
expressing ACE2, triggering a wide spectrum of 
pathophysiological effects and symptoms, 
including digestive [105], neurological [106], 
and cardiovascular complications [107]. 


Conclusions and Future 
Perspectives 


5.5 


There is currently no proven effective treatment 
for COVID-19 disease and development of a safe 
and effective vaccine could take from 6 months to 
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one and half years. However, since the virus 
gains access to the respiratory system through the 
cell surface ACE2 protein, a number of strategies 
are currently being explored to target this interac- 
tion [108-112]. One incredible feature of the 
COVID-19 pandemic has been the worldwide 
efforts to develop new treatments and vaccines to 
halt its spread and to raise our awareness of the 
dangers of pandemics due to such viruses and 
other pathogens. The emergence of COVID-19 
highlights the critical importance of establishing 
a systematic coronavirus surveillance network. In 
addition, the current pandemic has instilled in all 
of us the value of setting in place a worldwide 
coronavirus surveillance network to prevent such 
events from reaching the dangerous levels that 
this one has and to manage outbreaks more effec- 
tively in the future. 
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Abstract 


When diabetic patients are ill, their bodies 
react by releasing hormones to combat the ill- 
ness. These hormones can be triggered by 
some states, such as infections. Some illnesses 
that most likely have an influence on blood 
glucose levels include common cold or flu, 
COVID-19, bronchitis, or chest infections. So, 
it is important for diabetic patients affected by 
COVID-19 to eat a healthy balanced diet to 
maintain stable blood glucose levels and 
enhance their immune functions. The immune 
response has often been demonstrated to be 
attenuated by insufficient nutrition in many 
model systems as well as in human studies. 
We summarize and propose potential nutri- 
tional therapeutic options available for the 
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6.1 Introduction 
Coronaviruses belong to the subfamily 
Orthocoronavirinae in the family of 


Coronaviridae in the order Nidovirales. This sub- 
family consists of alpha-, beta-, gamma-, and 
delta-coronavirus [1]. There are many coronavi- 
ruses ranging from the common cold to much 
more dangerous viruses, which caused diseases 
such as Severe Acute Respiratory Syndrome 
(SARS) and Middle East Respiratory Syndrome 
(MERS). Coronaviruses were first noted to cause 
enzootic infections in birds and mammals and, in 
the last decades, they have been reported to be 
able to infect humans as well [2]. The outbreaks 
of SARS in 2002 and MERS in 2012 demon- 
strated the lethality of coronaviruses when they 
cross the species barrier and infect humans [2]. 
SARS and MERS belong to the cluster of beta- 
coronavirus [3]. Recently, a novel flu-like coro- 
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MERS-CoV and SARS-CoV, was detected at the 
end of 2019 in Wuhan, China [4], and the evi- 
dence of human-to-human transmission was 
established between close contacts [5]. The dis- 
ease caused by the virus was called coronavirus 
2019 (COVID-19). A comparison between 
SARS-CoV-2 and the other two coronaviruses, 
SARS-CoV and MERS-CoV, is indicated in 
Table 6.1 [6, 7]. The genome of SARS-CoV-2 is 
a single-stranded positive-sense RNA [8, 9]. The 
sequence analysis demonstrated that COVID-19 
had a typical genome structure of coronavirus 
and also belongs to the beta-coronavirus family 
[9]. SARS-CoV-2 was more than 82% similar to 
SARS-CoV-2 at the nucleotide level [8, 9]. The 
single-stranded RNA genome of SARS-CoV-2 
was 29,89] nucleotides in size, encoding 9860 
amino acids. The G+ C content was 38%. Similar 
to other beta-coronaviruses, the SARS-CoV-2 
genome contains two flanking untranslated 
regions (UTRs) and a single long open reading 
frame encoding a polyprotein. The SARS-CoV-2 
genome is arranged in the order: 5’-replicase 
(orf1/ab); structural proteins [spike (S), envelope 
(E) membrane (M), nucleocapsid (N) 3’ and 
lacks the hemagglutinin-esterase gene which is 
characteristically found in beta-coronaviruses 


Table 6.1 Comparison between COVID-19, SARS, and 


MERS [6, 7] 
COVID-19 | SARS MERS 
Site of origin | Wuhan, Guangdong, | Arabian 
China China Peninsula 
Animal Bat Bat Bat 
reservoir 
Intermediate | Unknown? | Palm civet Camel 
host 
Human-to- Yes Yes Yes 
human 
transmission 
Pneumonia Yes Yes Yes 
Organ failure | Yes Yes Yes 
Requiring Yes Yes Yes 
mechanical 
ventilation 
Case fatality — | 6.6? 9.5 34.4 
(96) 


‘Studies ongoing. Present figure is taken from the Johns 
Hopkins University website; https://coronavirus.jhu.edu/ 
map.html 
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(Fig. 6.1) [9]. The World Health Organization 
(WHO) has declared COVID-19 outbreak as a 
public health emergency of international chal- 
lenge and has given it pandemic status. In some 
severe cases, coronaviruses can lead to infection 
in the lungs (pneumonia), kidney failure, and 
even death. 

Older people and those with preexisting medi- 
cal states such as diabetes, asthma, and heart dis- 
ease seem to be more susceptible to becoming 
severely ill with the SARS-CoV-2 virus. When 
people with diabetes are affected by a viral infec- 
tion, treatment can become more difficult because 
of fluctuations in blood glucose levels and the 
likely presence of diabetes-related complica- 
tions. There seems to be two reasons for this. 
Firstly, the immune system is compromised, 
making it harder to combat the virus and proba- 
bly causing a longer recovery period. Secondly, 
the virus may expand in an environment of ele- 
vated blood glucose levels [10]. 

The data regarding the biology, epidemiology, 
and clinical characteristics of the SARS-CoV-2 
virus have been accumulating on a daily basis. 
The virus genome was quickly sequenced, which 
allowed the development of diagnostic tests and 
initiation of research into potential vaccines and 
therapeutics. However, the clinical spectrum of 
the disease continues to be described (including 
the potential for asymptomatic spread) and clini- 
cal trials investigating potential treatments have 
begun. At present, there is no established treat- 
ment or vaccine for the disease. Therefore, there 
is an urgent requirement to find an alternative 
solution to prevent and control its replication and 
spread. Here, we summarize and propose nutri- 
tional therapeutic options available for the treat- 
ment of this novel coronaviruses in diabetic 
patients. 


6.2 What Happens When 


Diabetic Patients Are III? 


When diabetic patients are ill, their bodies react 
by releasing hormones to combat the illness. 
These hormones can be triggered by some condi- 
tions or environmental factors, such as infections. 
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Fig. 6.1 Beta-coronavirus genome organization. The 
coronavirus genome consists of a 5’ untranslated region 
(SUTR) including 5’ leader sequence, open reading frame 
la/b (yellow box) encoding nonstructural proteins for rep- 
lication, structural proteins including envelop (orange 
box), membrane proteins (red), nucleoproteins (cyan 
box), accessory proteins (purple boxes) of 2019-nCoV 


Some illnesses that most likely have an influence 
on blood glucose levels include the common cold 
or influenzas, viral infections, bronchitis, or 
respiratory conditions [11]. The hormones 
released throughout an illness raise blood glu- 
cose levels and subsequently make it more diffi- 
cult for insulin to lower these. For individuals 
living with diabetes, even a minor illness can 
cause seriously high blood glucose levels. This 
may lead to life-threatening complications, 
including diabetic ketoacidosis or hyperosmolar 
hyperglycemic states [11]. 


6.3 | Guidelines to Manage 


Diabetes During an Illness 


Diabetic patients who are infected with the virus 
may see their glycemic control fail. They should 
practice the “sick day rules" recommended for 
any stressful condition to ameliorate the diabetic 
effects. Sick day rules for diabetic patients con- 
sist of: 1) keeping hydration; 2) monitoring levels 
of blood glucose; 3) monitoring body tempera- 





Tem 






(HKU-SZ-005b) genome, and 3' untranslated region 
(3UTR). Examples of each beta-coronavirus lineage are 
human coronavirus (HCoV) HKUI, 2019-nCoV (HKU- 
SZ-005b) SARS-CoV, and human MERS-CoV. The 
length of nonstructural proteins and open reading frames 
are not drawn to scale. (Adapted from Chan et al. with 
permission [9]) 


ture; 4) if the patient is on insulin, also monitor- 

ing levels of ketone bodies; and 5) following the 

healthcare team recommendations [10]. 

Based on the above, if diabetic patients are 
infected with the SARS-CoV-2 virus, it is recom- 
mended that they: 

1. pay extra attention to glucose control, as regu- 
lar monitoring can help avoid complications 
resulting from high or low blood glucose, 

2. ensure a sufficient supply of water as any 
infection is going to raise blood glucose levels 
and elevate the requirement for fluids, 

3. ensure sufficient access to food,. 

4. keep a regular schedule, avoid overwork, and 
ensure sufficient rest and sleep. 

Healthy and balanced nutrition is an important 
component of diabetes management. Hence, it is 
important for diabetic patients affected by 
COVID-19 to eat a varied and healthy balanced 
diet to keep their blood sugar levels stable and 
enhance their immune system functions [10, 11]. 
It is recommended that patients: 

1. give priority to foods with a low glycemic 
index (such as vegetables and whole grains), 
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2. avoid extreme consumption of fried foods, 

3. limit consumption of foods high in carbohy- 
drates and fat, 

4. eat lean proteins (such as fish, eggs, milk, and 
beans after fully cooked), 

5. eat cooked green, leafy vegetables, daily, 

6. eat fruits in two or three servings, daily. 
In addition, regular physical activity is impor- 

tant for the general population and even more so 

for diabetic patients. 


Potential Nutritional 
Interventions 

for the Treatment 

of COVID-19 


6.4 


There is currently no established nutritional 
intervention for the disease. In the absence of a 
specific nutrition intervention for this novel virus, 
there is an urgent requirement to find alternative 
solutions to prevent and control the replication 
and spread of the virus and to manage the effects 
during infections. In addition, diabetes itself can 
affect the nutritional status [12]. Assuming that 
management of COVID-19 infection is not dif- 
ferent from that of other viruses causing respira- 
tory failure, we carried out a literature search of 
the PubMed database with the key words of 
SARS, MERS, and coronavirus. Some of the 
findings which described nutrient effects were 
related to viral pneumonias causing respiratory 
failure and immune function. These nutrients and 
the specific mechanisms by which they can affect 
coronaviruses and enhance immunity are dis- 
cussed in the following sections. 


6.4.1 BVitamins 

B vitamins are water-soluble vitamins and act as 
a part of coenzymes. Each B vitamin has its spe- 
cific functions. Keil et al. showed that vitamin B2 
(riboflavin) and the use of ultraviolet light effec- 
tively decreased the titer of the MERS virus in 
human plasma [13]. Administration of vitamin 
B3 (nicotinamide) increased killing of 
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Staphylococcus aureus via a myeloid-specific 
transcription factor, and was effective in both 
prophylactic and therapeutic settings [14]. 
Furthermore, vitamin B3 therapy significantly 
reduced neutrophil infiltration into the lungs with 
a strong antiinflammatory impact throughout 
ventilator-induced lung injury. However, it also 
paradoxically resulted in the development of sig- 
nificant hypoxemia [15]. Vitamin B6 (pyridox- 
ine) is also required in protein metabolism and 
takes part in over 100 reactions in body tissues. 
Moreover, it has important roles in body immune 
function. Furthermore, studies have suggested 
that patients with diabetes are susceptible to defi- 
ciency of some micronutrients such as B vitamins 
[12]. 


6.4.2 Vitamin C 


Vitamin C is another water-soluble vitamin and it 
is also named ascorbic acid, which means “‘no- 
scurvy acid." Vitamin C is best known for its role 
in the synthesis of collagen in connective tissues 
and works as an antioxidant. Vitamin C also sup- 
ports immune functions and defends against 
coronavirus infection [16]. For example, Atherton 
et al. demonstrated that vitamin C elevated the 
resistance of chick embryo tracheal organ cul- 
tures to avian coronavirus infection [17]. Vitamin 
C may also work as a weak antihistamine-like 
compound to provide relief from influenza-like 
symptoms including sneezing, runny nose, and 
swollen sinuses [18]. Three human controlled 
clinical trials have been conducted which 
revealed a significantly lower incidence of pneu- 
monia in vitamin C-supplemented groups, sug- 
gesting that vitamin C supplementation might 
reduce vulnerability to lower respiratory tract 
infections under certain conditions [19]. In addi- 
tion, vitamin C has antioxidant properties with a 
potent inhibitory impact on peroxidation of poly- 
unsaturated lipids in plasma [20], and can regen- 
erate lipid-soluble antioxidants, such as vitamin 
E [20]. Findings have shown that vitamin C lev- 
els may be significantly reduced in some patients 
with diabetes [20, 21]. Although decreased 
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dietary intake or uncontrolled excretion may 

have a role, the most probable causes of this are 

the following: 

1. Elevated consumption (oxidation) of vitamin 
C due to increased free radical activity in 
diabetes (evidenced as increased production 
of the oxidation product, dehydroascorbic 
acid). 

2. Failed regeneration of vitamin C from dehy- 
droascorbic acid due to competitive inhibition 
of its transport across the cell membrane by 
glucose (a structurally similar molecule). 


6.4.3 Vitamin A 


Vitamin A is a fat-soluble vitamin derived from 
beta-carotene. There are three active forms of 
vitamin A in the body known as retinol, retinal, 
and retinoic acid. It is also known as the “anti- 
infective" vitamin as many of the body's mecha- 
nisms against infection rely on a sufficient 
supply of this vitamin [22]. Vitamin A defi- 
ciency is known to occur in measles, which can 
become more severe in children with vitamin A 
deficiency [23]. Furthermore, Semba et al. 
found that vitamin A supplementation dimin- 
ished morbidity and mortality in various infec- 
tious diseases, such as diarrheal disease, 
measles-associated pneumonia, human immu- 
nodeficiency virus (HIV) infection, and malaria 
[24, 25]. Jee et al. showed that diets low in vita- 
min A might lead to compromised efficacy of 
inactivated bovine coronavirus vaccines and 
render calves more vulnerable to infectious dis- 
ease [26]. The impact of infectious bronchitis 
virus (IBV), one type of coronavirus, was more 
noticeable in chickens fed a diet deficient in 
vitamin A compared to those fed a vitamin A 
sufficient diet [27]. The mechanism by which 
vitamin A and retinoids impede measles replica- 
tion is via upregulating elements of the innate 
immune response in uninfected bystander cells, 
making these resistant to infection in subse- 
quent rounds of viral replication [28]. Notably, 
some studies have demonstrated that vitamin A 
levels are significantly decreased in patients 
with diabetes [29, 30]. 


6.4.4 Vitamin D 


Vitamin D acts as both a micronutrient and a hor- 
mone. In addition to its effects on maintaining 
bone integrity, it also stimulates maturation of 
many cells such as immune cells. Many adults 
have been shown to have vitamin D deficiency, 
especially at the end of the winter season [31]. 
Moreover, individuals who are housebound or 
institutionalized, as well as night workers, may 
become vitamin D deficient, as do many older 
people, due to limited exposure to sunlight [32]. 
It is interesting in this regard that the COVID-19 
outbreak was first recognized during the winter 
of 2019 and this mostly affected the elderly pop- 
ulation [5—7, 9]. Vitamin D levels have also been 
shown to be significantly lower in diabetic 
patients compared to nondiabetic controls [33, 
34]. It Also, studies have suggested that vitamin 
D deficiency may predispose individuals to type 
] diabetes and type 2 diabetes, and may contrib- 
ute to the pathogenesis of both forms of the dis- 
ease [34, 35]. Furthermore, lower vitamin D 
levels in calves have been noted to increase their 
susceptibility to infection by bovine coronavirus 
[36]. 


6.4.5 VitaminE 


Vitamin E is another lipid-soluble vitamin which 
includes the tocopherols and tocotrienols. It plays 
a major role in reducing oxidative stress via act- 
ing as an antioxidant to damaging free radicals 
[37]. Vitamin E deficiency has been demonstrated 
to augment the myocardial damage [38] and aug- 
ment the virulence of coxsackievirus B3 viral 
infection in mice [39]. In addition, deficiency of 
both vitamin D and E in calves rendered them 
more susceptible to infection by bovine coronavi- 
rus [36]. The antioxidant activity of vitamin E 
helps minimize damage to lipids caused by the 
free oxygen radical-mediated tissue damage in 
diabetes [40], and it works as the first line of 
defense against lipid peroxidation of cell mem- 
branes [41]. A study by Halliwell showed that 
vitamin E administration can also delay the onset 
of insulin resistance in diabetic rat models [42]. 
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This is consistent with findings of a negative cor- 
relation between vitamin E and fasting blood glu- 
cose, low density  lipoprotein-cholesterol 
(LDL-C) and triglyceride levels [43 ]. 


6.4.6 Zinc 


Zinc is a dietary trace mineral and is necessary 
for maintenance and enhancement of immune 
cells of both the innate and adaptive immune sys- 
tem [44]. Zinc deficiency leads to dysfunction of 
both humoral and cell-mediated immunity and 
increases vulnerability to infectious diseases 
[45]. For example, zinc supplementation in zinc- 
deficient children has been found to decrease 
measles-associated morbidity and mortality, 
resulting from lower respiratory tract infections 
[46]. Studies have shown that elevating the levels 
of intracellular zinc with zinc-ionophores like 
pyrithione can effectively disrupt replication of 
different RNA viruses [47]. Moreover, the com- 
bination of zinc and pyrithione at low concentra- 
tions impedes the replication of the SARS 
coronavirus [47]. It has also been proposed that 
zinc deficiency is an important risk factor of type 
2 diabetes and low levels of zinc have been 
Observed in diabetic patients compared to healthy 
controls [48—50]. Another study found that zinc 
plasma concentrations were inversely associated 
with glycemia [hemoglobin Alc (HbA1c) levels] 
in diabetes mellitus [51]. An association between 
inadequate zinc intake and raised insulin levels in 
blood has also been reported in adolescents [52]. 
In addition, recent studies demonstrated that zinc 
supplementation ameliorated glucose metabo- 
lism and insulin sensitivity deficiencies in dia- 
betic patients [53, 54]. 


6.4.7 Iron 

Iron is needed for pathogen defense and an iron 
deficient state can lead to an impaired immune 
response. Conversely, an oversupply of iron can 
lead to an oxidative stress state [55]. Iron defi- 
ciency has been demonstrated as a risk factor for 
the development of recurrent acute respiratory 
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tract infections [56]. Studies by El-Agouza et al. 
[57] and Coban et al. [58] demonstrated that 
HbAlc levels were higher in patients with iron 
deficiency anemia and reduced significantly by 
iron administration. 


6.4.8 Selenium 


Selenium is an important trace element for mam- 
malian oxidative-reduction biology [59]. This is 
because some micronutrients can provide protec- 
tion against infectious diseases [60]. Conversely, 
nutritional deficiencies influence not only the 
host immune functions but also the viral patho- 
gens themselves [22]. Dietary selenium defi- 
ciency that leads to oxidative stress in the host 
can change the viral genome, so that a virus that 
is normally mildly pathogenic can become more 
virulent. Beck et al. noted that selenium defi- 
ciency could not only elevate the pathology of an 
influenza virus infection [61] but also drive alter- 
ations in the genome of coxsackievirus, allowing 
an avirulent virus to shift to virulence via genetic 
mutation [62]. This appears to be due to the fact 
that selenium is a cofactor in many enzymatic 
functions and, in cooperation with vitamin E, 
acts to prevent the formation of free radicals and 
minimize the oxidative harm to cells and tissues 
[63]. One study found a synergistic impact of 
selenium with ginseng stem-leaf saponins that 
could enhance the immune response to a live 
bivalent infectious bronchitis coronavirus vac- 
cine in chickens [64]. Although numerous epide- 
miological studies have investigated the 
relationship between selenium and diabetes, their 
findings have been inconsistent. Some research- 
ers have proposed that high selenium levels could 
reduce the prevalence of diabetes [65], whereas 
others have reported that a high level of serum 
selenium could be associated with increased 
prevalence of the disease [66, 67]. In addition, 
other studies have proposed that selenium sup- 
plementation in patients with type 2 diabetes may 
have an adverse impact on blood glucose homeo- 
stasis [68, 69]. It is possible that these discrepan- 
cies might reflect the use of heterogeneous study 
populations or different detection methods. 
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Finally, it may be that the relationship between 
selenium and cardiometabolic outcomes is 
U-shaped, with potential damage occurring both 
below and above an optimal physiological range 
of this micronutrient [70]. Therefore, further 
studies are required to determine if selenium sup- 
plementation is an effective choice for the treat- 
ment of pre-diabetes and  diabetes-affected 
COVID-19 patients. 


6.4.9 Omega-3 Polyunsaturated 
Fatty Acids 


The long-chain omega-3 polyunsaturated fatty 
acids (PUFAs) eicosapentaenoic acid (EPA, 
20:5n-3) and docosahexaenoic acid (DHA, 
22:6n-3) from fish and other seafood have 
received substantial interest, because of their 
association with reduced risk of cardiovascular 
diseases and for several risk factors for diabetes, 
such as inflammation, adiposity, hypertension, 
and dyslipidemia [71]. In animal models, long- 
chain omega-3 PUFAs have also been found to 
reduce insulin resistance [72], but the results 
from randomized human trials have generally 
reported few advantages on glucose or insulin 
homeostasis [73, 74]. No relationships have been 
found in such studies from Europe, whereas those 
from Australasia have found that fish or EPA/ 
DHA intake was related to lower risk of type 2 
diabetes and studies from the USA found that 
they were associated with higher risk [75-78]. 
These geographical variations in the effects of 
omega-3 PUFAs on risk may reflect genetic dif- 
ferences, gene-diet interactions or variations in 
the type of fish consumed (fatty fish vs. lean fish) 
or in the fish preparation methods (raw/steamed/ 
boiled vs. deep-fried) [71 ]. 

The positive effects of omega-3 PUFAs on 
glucose homeostasis and type 2 diabetes could be 
due to beneficial effects on adiposity, hyperten- 
sion, and dyslipidemia [71]. The means of achiev- 
ing higher serum omega-3 PUFA levels is likely 
to be due to higher intake of fish in place of red 
meat and lower intake of saturated fatty acids. 
Processed red meat intake has been related to a 
higher risk of type 2 diabetes [79], and saturated 


fatty acids have been found to be linked to 
increased insulin resistance [80]. In addition, 
PUFAs are important mediators in the antiinflam- 
matory and adaptive immune responses [81]. 
Furthermore, the omega-3 PUFA-derived lipid 
mediator protectin D1 has been shown to decrease 
influenza virus replication through effects on the 
RNA export machinery and may protect against 
influenza mortality [81]. However, the contradic- 
tory findings of some of the above studies neces- 
sitate further studies on the effects of the omega-3 
PUFAs in diabetes in relation to viral infectivity. 


6.4.10 Natural Polyphenols 
and Isoflavones 


Antioxidants have been extensively evaluated in 
disease prevention and health maintenance due to 
their effects on suppressing factors associated 
with oxidative stress. Polyphenols have been 
established as potent antioxidants that can aid in 
the prevention of type 2 diabetes via antiinflam- 
matory, antimicrobial, and immunomodulatory 
mechanisms [82]. Most polyphenols impede 
amylase and glycosidase activity and, therefore, 
block glucose absorption in the intestine. In addi- 
tion, polyphenols ` activate peroxisome 
proliferator-activated receptor (PPAR) and 
enhance adiponectin production, thereby amelio- 
rating insulin resistance [82]. 

Flavonoids are an important class of natural 
products, which include chalcones, flavones, fla- 
vonols, and isoflavones [83]. Flavonoids have 
many functions in addition to antioxidant effects, 
including antiviral properties. Jo et al. proposed 
that the anti-coronavirus activity of some flavo- 
noids (herbacetin, rhoifolin, and pectolinarin) 
resulted from inhibition of the SARS 3C-like 
viral protease (3CLpro) [84]. Other flavonoids 
(herbacetin, isobavachalcone, quercetin3-p-d- 
glucoside, and helichrysetin) have been found to 
inhibit the enzymatic activity of the MERS 
3CLpro protease [85]. Moreover, Ryuet al. 
showed that biflavonoids from Torreya nucifera 
also inhibited SARS 3CLpro protease [86]. 

One study investigated phytocompounds for 
activity against the SARS virus by measuring the 
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virus-induced cytopathogenic impact on Vero E6 
cells [87]. Ten diterpenoids, two sesquiterpe- 
noids, two triterpenoids, five lignoids, curcumin, 
and the reference controls niclosamide and val- 
inomycin were all found to be potent inhibitors at 
concentrations between 3.3 and 10 uM, with one 
of the triterpenoids (betulinic acid) and one of the 
lignoids (savinin) having the strongest impacts. 
Some protein molecules encoded by the SARS 
viral genome are potential targets for chemother- 
apeutic suppression of viral infection and replica- 
tion. These consist of the spike protein, which 
mediates the targeting and entry of the virus into 
host cells, the SARS 3CLpro protease, the 
NTPase/helicase, the RNA-dependent RNA 
polymerase, the membrane protein needed for 
virus budding, the envelope protein involved in 
virus assembly, and the nucleocapsid phospho- 
protein that associates with the viral RNA inside 
the virion [87]. Thus, some of the compounds 
mentioned above may have efficacy in targeting 
some of these proteins. In the diterpenoid group 
of compounds, pinusolidic acid is also known as 
a platelet-activating factor inhibitor [88], and for- 
skolin has been reported to activate adenylate 
cyclase and elevate cyclic AMP levels in several 
cell types [89]. Both of these compounds have 
shown potent anti-SARS virus activity [87]. The 
anti-SARS activity of these two compounds 
could be due to a combination of two antiviral 
mechanisms. One of these is protease inhibition, 
as indicated in the study by Wen and colleagues 
[87]. Additionally, studies have shown that betu- 
linic acid derivatives could effectually interfere 
with HIV-1 virus entry in test cells at a post- 
bonding, envelope-dependent step apparently 
associated with fusion of virus with the host cell 
membrane. Because of the similarity between the 
gp41 of the retrovirus HIV-1 and the S2 subunit 
of the spike protein of the SARS virus, it was 
speculated that another anti-SARS mechanism 
might be the blocking of viral entry at the post- 
binding step during the fusion of virus particle to 
host cell membrane [87]. 

Some studies have also noted that abietane- 
type diterpenes exhibited antiviral activities 
against influenza [90] and HIV-1 [91] viruses. 
The activity of lignans against some types of 
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viruses, such as HIV-1, has also been demon- 
strated [92-94]. In addition, the five lignoids 
investigated by Wen et al. possessed notable anti- 
SARS activities [87]. 

Curcumin (20), a known phytocompound 
from turmeric (Curcuma longa), has been noted 
to exhibit antiinflammatory, antioxidant, anticar- 
cinogenic, and anti-HIV activities [95]. In the 
study by Wen and colleagues, mild activity 
against SARS viral replication and inhibition of 
the 3CLpro protease were reported. 

Finally, 20 phytocompounds, including the 
abietane-type and labdane-type diterpenes, 
lupane-type triterpenes, liganoids, and curcumin, 
were shown to exhibit significant and specific 
anti-SARS activity and hence may provide a new 
direction for development of anti-COVID-19 
agents. Alpha-lipoic acid (ALA), a naturally 
occurring disulfide compound, works as a cellu- 
lar coenzyme and has been used for the treatment 
of polyneuropathies and hepatic disorders for 
many years [96]. ALA has antioxidant effects in 
scavenging free radicals to protect against oxida- 
tive damage in some diseases [97]. In addition, 
ALA appears to promote intracellular levels of 
the antioxidant glutathione [97] and normalize 
the oxidative stress induced by dexamethasone 
administration in chickens [98]. Wu et al. also 
showed that the oxidative stress, as well as 
glucose-6-phosphate dehydrogenase (G6PD) 
deficiency, in host cells was an important factor 
in infectivity of the human coronavirus 229E, and 
infectivity was reduced following addition of 
ALA [99]. In addition, Baur et al. reported that 
ALA administration was effective in blocking the 
replication of HIV-1 [100]. 


6.5 Conclusions 

In conclusion, it is important for diabetic 
patients affected by COVID-19 infection to eat 
a varied and healthy balanced diet to maintain 
their blood glucose levels and immune func- 
tions. In this review, we summarized potential 
nutritional interventions for diabetic patients 
affected by COVID-19 infection, according to 
previous treatments of SARS and MERS. The 
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immune response has often been demonstrated 
to be impaired by insufficient nutrition in many 
model systems as well as in human studies. On 
the other hand, diabetes itself can alter nutri- 
tional status, and experiments have shown that 
patients with diabetes are prone to deficiencies 
of micronutrients and antioxidants. However, 
the nutritional state of the host has not been con- 
sidered until recently as a potential contributing 
factor in the propagation of viral infectious dis- 
eases. Therefore, we suggest that it 1s important 
to verify the nutritional state of COVID-19 
infected patients before the administration of 
general therapies. Moreover, we described 
coronavirus-specific and antiviral managements 
that were advantageous for treatment of the 
SARS and MERS viruses. Therefore further 
attention should be paid to these as potential 
nutritional interventions for COVID-19 
infection. 
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Reza Ranjbar, and Amirhossein Sahebkar 


Abstract 


The new coronavirus, named severe acute 
respiratory syndrome coronavirus 2 (SARS- 
CoV-2), turned into a pandemic affecting 
more than 200 countries. Due to the high rate 
of transmission and mortality, finding specific 
and effective treatment options for this infec- 
ton is currently of urgent importance. 
Emerging technologies have created a promis- 
ing platform for developing novel treatment 
options for various viral diseases such as the 
SARS-CoV-2 virus. Here, we have described 
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potential novel therapeutic options based on 
the structure and pathophysiological mecha- 
nism of the SARS-CoV-2 virus, as well as the 
results of previous studies on similar viruses 
such as SARS and MERS. Many of these 
approaches can be used for controlling viral 
infection by reducing the viral damage or by 
increasing the potency of the host response. 
Owing to their high sensitivity, specificity, and 
reproducibility, siRNAs, aptamers, nanobod- 
ies, neutralizing antibodies, and different 
types of peptides can be used for interference 
with viral replication or for blocking internal- 
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ization. Receptor agonists and interferon- 
inducing agents are also potential options to 
balance and enhance the innate immune 
response against SARS-CoV-2. Solid evi- 
dence on the efficacy and safety of such novel 
technologies is yet to be established although 
many well-designed clinical trials are under- 
way to address these issues. 


Keywords 
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7.1 Introduction 

The novel coronavirus, which is known as SARS- 
CoV-2, was first identified in the city of Wuhan, 
the People’s Republic of China, which has spread 
globally. Its fast outbreak resulted in the 2019— 
2020 coronavirus pandemic of what has been 
termed COVID-19 disease. The primary 
symptoms of COVID-19 infection are fever, dry 
cough, sputum production, fatigue, and shortness 
of breath. In severe cases, other symptoms 
including persistent chest pain or pressure, 
confusion, anosmia, and gastrointestinal 
symptoms are seen. 

Like other coronaviruses, such as severe acute 
respiratory syndrome (SARS) (SARS-CoV) and 
Middle East respiratory syndrome (MERS-CoV), 
the new coronavirus carries a single-positive 
stranded RNA. The genome size for SARS- 
CoV-2 is 29,891 nucleotides which encodes 9860 
amino acids. This genome has 82% nucleotide 
identity with human SARS-CoV [1]. The 
organization of genes in the coronaviruses shares 
the same order, coding for polyproteins la and 1b 
and the spike (S), membrane (M), envelope (E), 
and nucleocapsid (N) proteins. 

Of the several common drugs currently used 
to treat COVID-19 infection, chloroquine, rem- 
desivir, lopinavir (LPV), and ritonavir (RTV) 
have gained the most attention. Despite the rela- 
tive effectiveness of these medications, they 
also have side effects. The most hopeful antivi- 
ral to combat SARS-CoV-2 is remdesivir. 
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Remdesivir was effective against MERS-CoV 
and SARS-CoV by acting as an inhibitor of 
RNA-dependent RNA polymerases in the RNA 
replication process [2—5]. LPV is an HIV-1 pro- 
tease inhibitor. This drug has been used in com- 
bination with RTV to improve its half-life and 
found to be effective against SARS-CoV in tis- 
sue culture and in patients with HIV-1 [6]. 
However, the antiviral property of LPV against 
MERS-CoV remains ambiguous. There are 
some safety concerns to the use of this drug, 
including risk of cardiac arrhythmia, caution in 
patients with hepatic disease, and significant 
drug interactions [6]. Chloroquine is an antima- 
larial drug which has been shown to have 
in vitro activity against SARS-CoV-2. Its mech- 
anism of action may include inhibition of viral 
enzymes or processes such as viral DNA and 
RNA polymerase. Using chloroquine may have 
some limitations including the risk of cardiac 
arrhythmia and risk of retinal injury, with cau- 
tions in patients with diabetes and those with 
glucose 6-phosphate dehydrogenase (G6PD) 
deficiency [7—10]. In addition, it has significant 
drug interactions. 

Another possible treatment option is to use the 
serum from patients infected with the SARS- 
CoV-2. However, it is not yet clear whether a 
sufficient set of potential donors is possible. 
Studies on MERS-CoV have shown that the sera 
from patients recovering from infection do not 
appear to contain adequate antibody titers for 
therapeutic use [11]. 

Based on the recommendation of the World 
Health Organization (WHO) and the Centers for 
Disease Control and Prevention (CDC), there are 
currently no approved drugs or vaccines for the 
treatment or prevention of COVID-19. In recent 
years, with the development and integration of 
different scientific branches, several techniques 
have been proposed for the treatment of viral 
infections. These methods, which have emerged 
from a successful combination of medical 
sciences, biotechnology, chemistry, and 
bioinformatics, have shown promising results in 
the treatment of viral infections. Here, we have 
aimed to review the potency of novel and 
emerging techniques for the treatment of 
COVID-19. 


7 Emerging Technologies for the Treatment of COVID-19 


7.2 Small interfering RNA 

The discovery of RNA interference (RNA1) pro- 
vided a new approach for silencing the expres- 
sion of specific genes in order to treat a wide 
range of human disorders. RNA interference as 
an antiviral mechanism was originally discovered 
in plants. Later, it was also observed in other 
organisms, including nematodes, Drosophila, 
and vertebrates [12, 13]. As a tool, siRNAs is a 
powerful approach specifically designed to 
reduce and prevent the synthesis of the target pro- 
tein. This has brought the opportunity to develop 
a new generation of drugs for several diseases. 
Currently, many pharmaceutical companies are 
developing RNA-based therapeutics to specifi- 
cally regulate various disease-causing genes. A 
detailed discussion of RNA therapies and their 
advantages, disadvantages, and challenges has 
been reviewed [see 14]. Several research teams 
have successfully used siRNA technology for 
developing ` various antiviral ` treatments 
(Table 7.1). Their effects have been evaluated on 
cell lines and animal models, and positive results 
have been reported. The great potential of siRNA 
for the management of serious human and animal 
respiratory viruses including respiratory syncy- 
tial virus (RSV), SARS-CoV, influenza, adenovi- 
rus, avian metapneumovirus, and the porcine 
respiratory virus has also been reviewed [see 15, 
16]. 

Using siRNA technology to specifically target 
the key mRNAs for SARS-Cov-2 infection and 
assembly could be a valuable tool for the 
treatment of COVID-19. Similar to MERS and 
SARS, SARS-Cov-2 belongs to the coronavirus 
family, and its genome structure, host infection, 
and assembly likely share a common pattern. 
Therefore, reports on the application of siRNA 
for SARS and MERS could be informative for 
designing siRNA treatments for SARS-Cov-2. 
One of the most important proteins in the 
coronavirus family is the RNA-dependent RNA 
polymerase (RdRP), which is responsible for 
genome replication once the host cell is infected 
by the virus. One strategy to prevent the viral 
amplification and spread of the disease is to 
decrease the corresponding mRNA for this 
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Table7.1 Reported studies on siRNA against respiratory 
viruses 


Target disease Target gene/genes Reference 
Respiratory Viral fusion (F) [105] 
syncytial virus phosphoprotein (P) 
(RSV) proteins 
Influenza virus RNA-dependent [17, 18, 
RNA polymerase 105] 
(RdRP) 
Influenza virus Ran-binding protein | [106] 
5 
SARS Spike protein [23, 24] 
SARS RdRP protein [19-21] 
SARS Envelop protein [21] 
SARS Leader sequence [107] 
Human Spike protein [22] 
CoronavirusNL63 
Adenoviruses Adenoviral ELIA [108] 
Influenza A1 virus Nucleocapsid [109— 
protein; polymerase | 111] 
acidic protein 
SARS Spike protein [112] 
MERS Spike protein [113] 
SARS Leader, TRS, [114] 


3’-UTR and spike 


protein. Several studies have shown that targeting 
of RdRP using an siRNA approach is an effective 
strategy for controlling influenza and SARS 
disease in cell lines and animal models, by 
resulting in an 80-90% reduction of virus 
replication [17—21]. Other potential targets for 
using siRNA against SARS-CoV-2 are the 
structural proteins. These proteins are involved in 
virus assembly and binding to the host cell. 
Several reports have shown that siRNA against 
structural proteins, S, E, and M protein, could 
reduce the progression of coronavirus infections, 
including SARS-CoV, MERS-CoV, and 
HCoV-NL63 [19, 21-24]. 


7.3 Neutralizing Antibodies 

Since the 1980s, when the first therapeutic 
monoclonal antibody (mAb) was approved, 
dozens of monoclonal antibodies have been 
used in the treatment of various diseases. Today, 
the majority of the biotherapeutic product mar- 
ket is occupied by monoclonal antibodies [25]. 
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During recent years, monoclonal antibodies are 
increasingly being considered as agents to fight 
severe viral diseases. In this section, we high- 
light the potential targets for neutralizing anti- 
bodies against SARS-CoV-2 inspired by those 
mAbs developed for combating of SARS-CoV 
or MERS-CoV. 

Once coronavirus binds to the cell surface 
receptors via the spike protein, its replication 
begins [26]. Specific interaction between S1 
subunit of the spike protein and its receptor 
creates a conformational change in the S2 
subunit, which causes the viral envelope to fuse 
with the cellular membrane and release of the 
nucleocapsid into the cytoplasm [27]. The cell 
surface enzymes are used as a specific receptor 
for most of the human coronaviruses. For 
example, angiotensin-converting enzyme 2 
(ACE2) works as a receptor for HCoV-NL63, 
SARS-CoV, and SARS-CoV-2 coronaviruses, 
while MERS-CoV attaches via dipeptidyl 
peptidase 4 (DPP4) [28] (Fig. 7.1). Thus, an 
effective treatment against SARS-CoV-2 might 
be developed based on the use of neutralizing or 
blocking monoclonal antibodies targeting either 
the viral spike protein or the host receptor [29]. 
Monoclonal antibodies against the spike protein 
in coronaviruses have shown promising results 
both in vitro and in vivo. Coughlin et al. generated 
dozens of mAbs against the SARS-CoV spike 
protein, and some of them were effective in 
in vitro studies [30]. Recently, a comprehensive 
review on the possibility of applying monoclonal 
antibody-based treatment for SARS-Cov-2 was 


Fig. 7.1 Schematic of 
SARS-CoV, MERS- 
CoV, SARS-CoV-2, and 
their cellular receptors 


ACE2 receptor 


SARS-CoV-2 
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published by Shanmugaraj et al. [29]. One 
potential source of mAbs for SARS-Cov-2 is via 
identification and isolation from either an 
antibody human phage library or memory B cells 
from infected and recovered patients. 

Interleukin 6 (IL-6) acts as a pro-inflamma- 
tory cytokine by stimulating the acute phase 
response. Research has shown that the levels of 
cytokines such as IL-6 in COVID-19 cases can 
increase dramatically and the use of drugs that 
can inhibit this cytokine improves patient recov- 
ery. There are different kinds of FDA-approved 
antibodies that block IL-6 or IL-6 receptors such 
as siltuximab (Sylvant), sarilumab (Kevzara), 
and tocilizumab (Actemra). Studies have shown 
that the administration of these antibodies in 
COVID-19 patients with high levels of IL-6 can 
greatly improve the severity of this disease [31]. 
Currently, both intravenous and subcutaneous 
administration of RoActemra and subcutaneous 
administration of Kevzara are considered in 
phase 2 clinical trials as a treatment for COVID-19 
[32]. The results are expected in June 2021. 


7.4 | Aptamer-Based Viral 
Treatment 
Aptamers are non-coding single-stranded 


nucleotide sequences that specifically bind to 
their targets. Aptamers are synthesized by an in 
vitro process called systematic evolution of 
ligands by exponential enrichment (SELEX). 
Compared to mAbs, aptamers are easily synthe- 


SARS-CoV MERS-CoV 





ACE2 receptor DPP4 receptor 
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sized, and their targets include a wide range of 
biomolecules. Aptamer-based therapeutics has 
the potential to create a revolution in the devel- 
opment of antiviral drugs. Nowadays, several 
approved aptamer-based drug for various dis- 
eases is available on the market. There are sev- 
eral advantages over using aptamer-based 
treatments including high specificity, rapid 
selection process, no need for the complex pro- 
cess of protein expression and purification, and 
the simple process needed for large-scale man- 
ufacturing. These advantages make aptamer 
technology well-suited for treatment of viral 
infections [33]. 

Because of the high specificity and affinity for 
their targets, aptamers are being increasingly 
applied in research and therapeutics. Many 
researchers have studied the development of 
aptamer-based antiviral treatment especially with 
respect to HIV and influenza viruses. In various 
studies, many proteins and enzymes from the 
HIN virus, including reverse transcriptase, 
integrase, and transactivation responsive protein, 
have been targeted for aptamer development [34— 
37]. Several studies have also focused on the 
hemagglutinin protein in the influenza virus 
structure for aptamer selection [38-41]. In 
addition, in two separate studies, whole influenza 
virus was targeted for aptamer selection, and the 
results showed more than 90% inhibition of 
receptor binding in the presence of aptamers [38, 
39]. Shum et al. produced a comprehensive 
overview of aptamer-based therapies and their 
challenges in the treatment of various viruses 
[33]. 

Aptamer technology has also been used to 
combat the previous SARS-CoV outbreak. The 
SARS-CoV helicase contains a functional 
domain with double-stranded nucleic acid 
unwinding and ATPase activities. A study showed 
that the aptamer might bind to the nucleic acid 
binding site of the helicase and block the 
unwinding and subsequent helicase activities 
[42]. 

The number of patients infected by SARS- 
CoV-2 is increasing rapidly, and in these 
circumstances, research plans need to be pushed 
forward in the right direction to find effective 
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treatments. Using aptamer technology could 
potentially lead to an effective treatment against 
COVID-19 disease in a short time and at a 
relatively low cost. For COVID-19, it is 
recommended to consider one of the strategies 
below. One suitable target is blocking the viral 
fusion with the target cell. The spike protein is 
responsible for cell attachment and entry, and 
blockade by an aptamer could be an effective 
way to inhibit infection. Proteins and enzymes 
involved in the viral replication cycle including 
polymerases and nucleocapsid protein are other 
potential targets for inhibitory aptamers. Another 
promising target for aptamer treatment is RNA- 
dependent RNA polymerase, because of its 
importance in virus replication. In addition, 
specific regions of the viral genome interact with 
various proteins responsible for transcription 
initiation, translation, and replication, or viral 
assembly. These proteins are also promising 
targets for the generation of aptamers with 
selective affinity to these regions [43]. 

Although the intrinsic physicochemical fea- 
tures of aptamers pose serious challenges for 
their transport to infected organs or cells, they 
may be well-suited for respiratory viruses 
because the upper airways and lungs are relatively 
accessible as target organs. 


7.5 Nanobodies 
Nanobodies are a new class of recombinant anti- 
body derived from heavy-chain antibodies in 
camels and sharks. Unlike traditional antibodies, 
the variable domain of these types of antibodies 
is made from a single region [44]. These types of 
antibodies have specific properties that 
distinguish them from others, including smaller 
size, higher affinity, more solubility and resistance 
to denaturation, stability in intolerable condition 
(high and low pH, high temperature), a broad 
diversity of epitopes recognition, faster tissue 
permeability, high sequence homology with 
human antibodies, and cost-effective production 
[44—49]. 

Nanobodies are now used and tested in the 
treatment of many diseases, including viruses 
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such as hepatitis B, influenza, polio, rabies, HIV, 
RSV, FMDV, and rotavirus [50]. One of these 
nanobodies called ALX-0171 inhibits RSV 
infection by binding to the F-protein of virus and 
blocking uptake into the cells [51]. It is important 
to note that due to the specific properties of this 
type of antibody, ALX-0171 was used as an 
inhaled form. This method of administration at 
the site of infection has many advantages, 
including an increase in the efficacy of the drug 
and reduced dose compared to systemic injections 
[24]. 

The receptor-binding domain (RBD) of the 
spike protein is the priority target against the 
coronavirus family as this allows binding to the 
host cell surface receptor. In a recent study, 
scientists isolated nanobodies against the RBD 
domain of the MERS-CoV which potently 
neutralized MERS-CoV infection [53]. 
Therefore, there is some hope that a similar 
approach can be used against SARS-Cov-2. 


7.6 Peptide Inhibitors 


Peptides are short chains of amino acids that are 
usually composed of less than 50 amino acids. 
Peptides have many advantages over proteins and 
antibodies, such as being small in size, easy to 
synthesize, as well as efficient in cell and tissue 
penetration [54]. They can also have high affinity, 
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specificity, and activity and do not accumulate in 
a particular tissue, resulting in low toxicity. 

In the treatment of viral diseases, peptides 
have two important applications. By studying 
viral antigens and selecting the appropriate 
peptides, they can be used as vaccines, and 
subsequently, the immune system can detect and 
eliminate the virus. They can also be used 
competitively against viral proteins and thereby 
prevent viral entry into cells. Guo et al. attempted 
to identify the most potent peptides to stimulate 
the humoral immune system as a SARS vaccine 
[55]. They synthesized 4942 overlapping peptides 
from all proteins of the SARS genome and 
evaluated these against serum from patients 
recovering from the virus. Peptides recognized 
by antibodies in the serum samples were selected 
for potential use as a polyvalent immunogen 
[55]. In order to investigate the possibility of 
using these peptides against SARS-Cov-2, we 
conducted a blast analysis of the same peptides 
against SARS-Cov-2 proteins. The results of this 
analysis showed that among 24 peptides presented 
in the SARS-CoV study, 13 are highly conserved 
to regions SARS-Cov-2 proteins and might 
therefore be used as vaccine candidates against 
the virus (Table 7.2). 

Wang et al. analyzed various peptides of the 
SARS-CoV spike protein using a bioinformatics 
approach and synthesized the most promising 
candidates [24]. Next, they screened these 


Table 7.2 Blast of peptides recognized in SARS convalescent sera against NCBI databases which gave high sequence 


identities with SARS-Cov-2 proteins 


Category SARS peptide Covid-19 peptide Homology (%) | Antibody classes 
Orfla NQDVNLHSSRLS NQDVNLHSSRLS 100 IgA, IgM 
Nucleocapsid (N)-protein | QLPQGTTLPKGFYA | QLPQGTTLPKGFYA |100 IgG, IgA 
TVTLLPAADMDDF | TVTLLPAADLDDF 92 IgG, IgM 
YKTFPPTEPKKD YKTFPPTEPKKD 100 IgA 
GGSQASSRSSSR GGSQASSRSSSR 100 IgG, IgM 
IRQGTDYKHWPQ IRQGTDYKHWPQ 100 IgG, IgM 
Spike (S)-protein CPFGEVFNATKF CPFGEVFNATRF 91 IgA 
PIGAGICAS YHT PIGAGICASYQT 9] IgG, IgA, IgM 
QYGSFCTQLNRA QYGSFCTQLNRA 100 IgG, IgM 
PFAMQMAYRENG PFAMQMAYRENG 100 IgM 
Membrane (M)-protein KEITVATSRTLS KEITVATSRTLS 100 IgG, IgA, IgM 
GTITVEELKQLL GTITVEELKKLL 91 IgG, IgA, IgM 
E-protein YVYSRVKNLNSS YVYSRVKNLNSS 100 IgG, IgA, IgM 
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peptides using T cells from individuals who had 
recovered from the disease. They found that two 
peptides (FIAGLIAIV and LITGRLQSL) were 
immunogenic and effectively stimulated a T-cell 
immune response against this virus. To investigate 
the possibility of using these two peptides as 
immunogens against COVID-19, we compared 
the sequences against those in the SARS-CoV-2 
spike protein. This revealed 100% identity, 
lending support to their potential use as a SARS- 
Cov-2 vaccine. Another study targeted MHC-I 
and MHC-II epitopes within the spike protein of 
the SARS-CoV-2 virus in an informatics-based 
approach to identify the most promising peptide 
vaccine candidates [56]. They identified 29 
peptides within the MHC-I region and 8 within 
the MHC-II region, which they used to synthesize 
a single vaccine complex. 

Zheng et al. synthesized 24 peptides against 
the SARS-COV spike protein and tested these as 
inhibitors of viral entry into cells. They found 
that SARS-CoV infection was completely 
inhibited by two peptides [57]. The sequence of 
one of these peptides 
(IQKEIDRLNEVAKNLNESLD) is identical to a 
sequence in the S2 subunit of SARS-CoV-2, 
suggesting that it might be a suitable candidate 
for the treatment of COVID-19 disease. 


7.7 Fusion Inhibitors 
Fusion inhibitors are a class of drugs that were 
first introduced in HIV infection, and their 
mechanism of action is to prevent and interfere 
with the binding, fusion, and entry of the virus 
into the target cells [58]. Various strategies can be 
proposed to produce a fusion inhibitor against 
SARS-CoV-2. The first is the production of small 
molecules that can bind to the virus target 
receptor and prevent its binding and entry, such 
as I-thia-4- azaspiro[4.5 |decan-3-one derivatives 
[59]. An alternative approach is the use of drugs 
developed for other coronaviruses such as 
Nafamostat, Griffithsin, and Dihydrotanshinone 
E-64-C and E-64-D [5, 60-64]. 

Xia et al. found that a peptide derived from the 
heptad repeat 2 (HR2) domain of human 
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coronaviruses has a pan inhibitory function 
against several members of this viral family [65]. 
In vivo studies showed that the inhalation of this 
peptide had a high potency in suppressing viral 
infection and good safety profile [65]. 
Subsequently, the same research group developed 
lipopeptides derived from the same region and 
showed that one of these was more than 100-fold 
more potent than the original peptide in 
preventing infection with the SARS-CoV-2 virus 
[66]. 

The use of recombinant proteins can also be 
an effective way of inhibiting the virus from 
entering the cell. Wong et al. reported that the 
RBD domain of SARS-Cov S protein potently 
binds to ACE2 and prevents infection [67]. The 
main advantage of methods that disrupt the virus 
host interaction is that the host receptor (ACE2) 
does not undergo rapid mutation [68]. 

Li et al. demonstrated that administration of 
recombinant ACE2 effectively bound to the 
SARS-CoV virus and inhibited infection of cells 
in culture [69]. Recently, Monteil et al. reported 
that treatment of Vero E6 cells with recombinant 
ACE2 in the early stage of infection can reduce 
the SARS-CoV-2 growth rate by more than 1000- 
fold [70]. However, this study only examined the 
effects of this protein in the early stages of 
infection, and its effectiveness in the later stages 
of COVID-19 infection has yet to be determined. 


7.8 | Antimicrobial Peptides 


(AMPs) 


The development of antimicrobial peptides dur- 
ing the late 1990s and 2000s led to first market- 
ing approvals in 2012 for 6 peptides [68]. Peptides 
are an important part of the drug industry, and 
about 140 peptides are currently being tested in 
various clinical trials [71]. The use of peptides in 
treating infections has three advantages, includ- 
ing the shorter market time, inhibition of protein- 
protein interactions, and the availability of 
methods to increase the peptide half-lives. 
Through the creation of a pore and eliciting 
changes in the structure of bacterial cell mem- 
branes, peptides have broad-spectrum activity 
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Table 7.3 The peptide sequence of the seven selected AMPs 


GFGCNGPWDEDDMQCHNHCKSIKGYKGGYCAKGGFVCKCY 


Peptide Sequence 

AP00225 ACYCRIGACVSGERLTGACGLNGRIYRLCCR 

AP00180 ATCYCRTGRCATRESLSGVCEISGRLYRLCCR 

AP00549 

AP00744 GLPQDCERRGGFCSHKSCPPGIGRIGLCSKEDFCCRSRWYS 
AP00729 GLPVCGETCVGGTCNTPGCTCSWPVCTRN 

AP00764 GLRSKIWLWVLLMIWQESNKFKKM 

AP00223 VTCYCRSTRCGFRERLSGACGYRGRIYRLCCR 


against several microorganisms [72-74], with 
fewer side effects compared to chemical drugs 
[72, 75]. Many peptides are also available which 
can inhibit viral activities. For example, a peptide 
called RVFV-6, which originates from the Rift 
Valley FeverVirus (RVFV) glycoprotein, is an 
inhibitor of viral fusion [75, 76]. Kn2-7, a new 
derivative of a scorpion venom peptide, has 
inhibitory activity against HIV-1, with a weak 
cytotoxic effect in mammalian cells [77]. 
Numerous studies have shown that AMPs are 
good candidates for the development of new ther- 
apeutic agents against coronaviruses [78-81]. 
Antiviral AMPs function in different ways, 
including prevention of viral entry through par- 
ticular receptors, viral fusion blockage through 
interaction with the viral envelope and mem- 
brane, and stopping viral entry through interac- 
tion with heparansulfate [78]. 

Zhao and colleagues examined the antiviral 
activity of 11 mouse defensin-derived peptides. 
Among them, one peptide (NGAICWGPCPTA 
FRQIGNCGHFKVRCCKIR) showed strong and 
wide-ranging antiviral effects on several respiratory 
viruses including MERS-CoV, SARS-CoV, and 
influenza A HINI virus [80]. This peptide inter- 
rupts the RBD interaction [81 ]. 

In addition to the above approaches, preven- 
tion of viral replication is one of the strategies to 
control viral infections [82]. Mucropin-MI 
(LFRLIKSLIKRLVSAFK) is a derivative from 
mucropin AMP (LFGLIPSLIGGLVSAFK). In 
this case, the proline (P) was replaced by arginine 
(R), and glycine (G) was changed to lysine (K). 
Mucropin-M1 demonstrated activity against 
SARS-CoV and influenza A virus H5NI, by 
preventing viral replication [83]. The original 


peptide mucropin showed no antiviral activity 
against any of these viruses. 

In another study, Mustafa et al. developed sev- 
eral AMPs which bind to the MERS-CoV spike 
protein [84]. These peptides belong to the defen- 
sin family and may be very important in provid- 
ing inhibitory activity. The results of the study 
showed that seven peptides had a high affinity for 
MERS-CoV spike protein at its active site, sug- 
gesting their potential use in the treatment of 
COVID-19 (Table 7.3). 

Zhou et al. recognized that the glycopeptide 
antibiotic teicoplanin could inhibit the entrance 
of Ebola viruses into the cell cytoplasm [85]. 
This was carried out by high-throughput 
screening of FDA-approved drugs. Further 
analysis confirmed that teicoplanin was also 
capable of blocking the entry of SARS-CoV and 
MERS-CoV viruses. This antibiotic has been 
shown to have an inhibitory effect on viral 
replication and transcription. 

Evaluation of the AMP rhesus theta-defensin 1 
(RTD-1) showed 100% survival and a moderate 
decrease in lung injury in a mouse model of SARS- 
CoV infection [86]. The mechanism appeared via 
an effect on the inflammatory system as the 
cytokine responses in the treated animals were 
altered compared to the untreated group. 


7.9  Interferon-Inducing Agents 

Another way of modulating the body's protection 
system against SARS infection is through 
treatment with interferons or the use of agents 
that induce interferon production [87—89]. IFN 
inducers have several advantages compared to 
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exogenous IFN. They motivate the production of 
the body’s own IFN, which has no antigenic 
properties, unlike recombinant forms of IFN 
[90]. IFN inducers can be mixed with IFN and 
other antiviral drugs, a strategy that could have 
both immunomodulating and etiotropic effects 
[91]. 

Bao and colleagues developed a method based 
on CpG oligodeoxynucleotides (ODNs) for the 
treatment and prevention of SARS-CoV disease 
[92]. They found anew CpG ODN called BW001 
which could stimulate human peripheral blood 
mononuclear cells (PBMCs) to protect Vero cells 
against SARS-CoV. In addition, BW001 
stimulated human dendritic cells and PBMCs to 
secrete high levels of IEN-« and stimulated B cell 
and PBMC proliferation. Additionally, BWO001 
can increase the secretion of IFN-y and natural 
killer cell cytotoxicity. In another study, Barnard 
et al. used a mismatched double-stranded (ds)- 
RNA called Ampligen® (poly I: poly C124) as an 
interferon inducer and a hybrid human interferon 
(IFN-a B/D) against SARS-CoV infection [93]. 
In this study, Ampligen was injected 
intraperitoneally 4 h before the mice were 
exposed to SARS-CoV. As a result, the titers of 
the lung viruses decreased below the detectable 
level. 

Kumaki and colleagues used polyriboinosinic- 
polyribocytidylic acid stabilized with poly-l- 
lysine and carboxymethyl cellulose (poly-ICLC) 
as an interferon inducer in SARS-CoV-infected 
mice [94]. Treatment with poly-ICLC (5 mg/kg) 
was initiated 24 h after infection with SARS- Cov 
and continued 2 times a day for 5 days. All treated 
mice were protected against lethal viral infection, 
and virus titers were reduced in the lungs. 


7.10 Peptidomimetics 


Any compound that can mimic the biological 
activities and structural properties of a peptide are 
referred to as a peptidomimetic. Changes in 
peptide structure in antimicrobial research include 
side-chain and backbone modifications with the 
use of unnatural amino acids (such as D-amino 
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acids), peptoids, B-peptides, and lipidation [95]. 
The main protease (Mpro) is responsible for 
proteolytic processing of polyproteins la and Lab, 
causing the release of 15 proteins involved in the 
viral replication process [96]. As Mpro is vital at 
the beginning of coronavirus replication, it is a 
promising target against infection [97, 98]. 

Kumar et al. designed and synthesized three 
peptidomimetic inhibitors that inhibit 3CLpro of 
SARS-CoV and MERS-CoV with ICs) values of 
0.2-0.7 uM and 1.7-4.7 uM, respectively [98]. 
These agents demonstrated a desirable selectivity 
index and could potentially lead to the discovery 
of wide-spectrum antiviral drugs against newly 
emerging coronaviruses. In addition, Arun et al. 
designed and synthesized several peptidomimetic 
SARS-CoV protease inhibitors with good SARS- 
CoV 3CLpro inhibitory activity [97]. In another 
study, Kankanamalage et al. designed and 
evaluated a new compound which inhibits the 
3CLpro of the MERS-CoV [99]. These 
compounds effectively prevented MERS-CoV 
replication. 

Finally, Chuck et al. investigated the inhibi- 
tory effects of several numbers of nitrile-based 
peptidomimetic inhibitors with various peptide 
lengths and N-terminal protective groups, on the 
enzymatic activity of 3CLpro of SARS-CoV 
[100]. Three  nitrile-based inhibitors with 
carboxybenzyl (Cbz),  tert-butyloxycarbonyl 
(Boc), and 5-methylisoxazole-3-carboxyl (Mic) 
protective groups were synthesized containing 
the SARS-CoV  auto-cleavage sequence 
AVLQ. Protease activity was measured in the 
presence of inhibitors, and the Ia values of 
Cbz-AVLQ-CN, Boc-AVLQ-CN, and Mic- 
AVLQ-CN were 4.6 + 0.2, 49 + 2, and 49 + 2 uM, 
respectively. Thus, the inhibitory effect of 
components with Cbz group was 10 times 
stronger than the others. This demonstrated that 
the nitrile cap could efficiently deactivate the 
3CLpro activity. Further studies showed that 
Cbz-AVLQ-CN is a wide-spectrum inhibitor 
against several coronavirus strains (e.g., OC43, 
NL63, 229E, and HKU1), suggesting that this 
approach may have promise for treatment of 
COVID-19. 
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7.11 Toll-like Receptor Agonists 
Toll-like receptors (TLRs) are a group of proteins 
that allow the immune system to discriminate 
between “self?” and  *non-self' [34, 35]. 
Consequently, TLR antagonists and agonists 
have been suggested as antiviral or adjuvant 
compounds [101, 102]. 

A study by Totura et al. showed that TLR sig- 
naling via the TIR-domain-containing adapter- 
inducing interferon-p (TRIF) protein protects mice 
from SARS-CoV disease lethality [102]. Their 
findings showed a balanced immune response that 
operates via both MyD88 adapter-driven and 
TRIF-driven pathways. Since the TLR3-/-, 
TLR4-/-, and TRAM —/- mice are more sensitive 
to SARS-CoV than normal mice, using TLR 
agonists can be effective in the treatment of 
MERS-CoV and SARS-CoV infection [101, 102]. 

Zhao and colleagues used intranasal poly(I-C), 
lipopolysaccharide, R848, or CpG (TLR3, TLR4, 
TLR7/8, or TLR9 agonists) in mice infected with 
SARS-CoV [103]. After treatment, approximately 
95% survival was found for poly(I-C) against 
SARS-CoV. Pretreatment with poly OCH led to 
upregulation of IFN-y, IFN-D, tumor necrosis 
factor alpha (TNFa), and IL-1B gene expression in 
the lungs. Their investigation also showed that 
treatment with poly(I-C) repressed viral replication 
in human host cells. These findings suggest that 
TLR adapters are crucial in producing a balanced 
innate immune response to COVID-19 infection. 


7.12 Conclusions 


Emerging techniques can be used for controlling 
viral infection by reducing the damage or 
increasing the potency of the host response. The 
development of siRNAs or aptamers for targeting 
genes coding for critical structural (1.e., S, E, and 
M) and nonstructural (e.g., RdRP, 3CL protease) 
proteins can be used to block the effects of 
SARS-CoV-2 infection. Also, the sensitivity, 
specificity, reproducibility, and ease of use make 
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mAbs an attractive option for the treatment of 
COVID-19. However, this strategy might be 
time-consuming and costly compared to other 
treatments. Future studies for mAb development 
against SARS-CoV-2 may be focused on the 
identification and use of S1 epitopes as a key 
target for inhibition of viral entry into the cells. 

Peptides are one of the most promising options 
for the development of anti-COVID-19 drugs as 
they can be used as antigens for vaccine production 
or as inhibitors for preventing viral infection. Due 
to the homology of SARS-CoV and SARS-Cov-2 
protein sequences, several peptides proposed for 
use in the former could be applicable for the 
treatment of COVID-19. Based on our blast 
results, we propose 13 peptides with high 
homology for consideration as a target for vaccine 
development (Table 7.2). Peptidomimetics can 
also help to improve peptide effectiveness as 
antiviral agents. Unique features of nanobodies 
such as the small size, low immunogenicity, and 
capacity for conjugation with other agents make 
them ideal candidates for viral detection and 
therapy. 

In addition, Toll-like receptor agonists can 
protect against SARS-CoV, and IFN inducers 
stimulate the natural production of the IFN by the 
host, thereby improving the host response against 
viral infection. Production of different inhibitors 
by genetic engineering and recombinant protein 
expression is another approach which may be 
promising as viral therapies. Specifically, the use 
of ACE2 recombinant proteins for inhibition of 
viral entry may also work against future 
coronavirus infections given that it this protein is 
an endogenous factor. 

The approaches mentioned in this review 
prove that it is possible to quickly start well- 
designed randomized controlled studies even in 
the middle of a global emergency such as the 
COVID-19 pandemic. Table 7.4 shows the 
potential drugs in different phases of clinical 
trials for treatment of COVID-19, which 
highlights this capacity. However, there is a need 
for novel platforms for the development and 
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Table 7.4 Potential biological-derived drug in different phase of clinical trial for treatment of COVID-19 (clinicaltri- 


als.gov) 
Number, Drug/ Molecule | Type Effect Status 
1 TJ003234 mAb Anti-GM-CSF monoclonal antibody Phase I 
2 Lopinavir Protease inhibitory — Phase II 
3 Ritonavir Protease inhibitory Cytochrome P450-3A4 Phase II 
4 Fludase Fusion inhibitor Preventing of viral entry by removing sialic — 
(DAS181) receptor 
5 Sarilumab Immunosuppressive Blocking of interleukin-6 receptor Phase II 
6 Tocilizumab Immunosuppressive Blocking of interleukin-6 receptor Phase II 
T Sargramostim Leukocyte growth Recombinant granulocyte macrophage colony- Phase 
factor stimulating factor MI 
8 Mavrilimumab | | mAb Granulocyte macrophage colony-stimulating factor | Phase II 
receptor inhibitor 
9 bacTRL-Spikel | Vaccine Stimulation of antibody production against PhaseI 
SARS-CoV-2 Spike protein 
10 Ad5-nCoV Vaccine Stimulation of antibody production against Phase II 
SARS-CoV-2 Spike protein 
11 Emapalumab mAb Anti-interferon-gamma (IFNy) Phase II 
12 IFN-o2p Interferon Recombinant human interferon «16 Early 
Phase I 
I5 rhIFNo Interferon Recombinant human interferon Alpha-1b Phase III 
14 INO-4800 DNA vaccine Stimulation of antibody production against Phase III 
SARS-CoV-2 Spike protein 
15 mRNA-1273 Vaccine Stimulation of antibody production against Phase I 


SARS-CoV-2 Spike protein 


manufacturing of therapeutic agents and vaccines 
that can be readily adapted to new viral agents in 
line with the National Institute of Allergy and 
Infectious Diseases initiative [104]. Such a 
platform would facilitate the development of 
therapeutic agents and vaccines to enter clinical 
trials in less than 16 weeks and fast-track large- 
scale manufacturing if a given drug proves to be 
effective [115]. Such approaches are now essen- 
tial given that the continuance of the current pan- 
demic and the likely eruption of future 
coronavirus outbreaks. Finally, the authors of this 
article believe that both traditional and emerging 
approaches are essential for the prevention and 
treatment of COVID-19 [116, 117]. 
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Abstract 


The coronavirus disease 2019 (COVID-19) 
pandemic has resulted in worldwide research 
efforts to recognize people at greatest risk of 
developing critical illness and dying. Growing 
numbers of reports have connected obesity to 
more severe COVID-19 illness and death. 
Although the exact mechanism by which obe- 
sity may lead to severe COVID-19 outcomes 
has not yet been determined, the mechanisms 
appear to be multifactorial. These include 
mechanical changes of the airways and lung 
parenchyma, systemic and airway inflamma- 
tion, and general metabolic dysfunction that 
adversely affect pulmonary function and/or 
response to treatment. As COVID-19 contin- 
ues to spread worldwide, clinicians should 
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carefully monitor and manage obese patients 
for prompt and targeted treatment. 
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8.1 Introduction 

In late December 2019, a group of pneumonia 
patients with unknown origin was reported in 
Wuhan, China [1]. Since then, COVID-19, 
caused by severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2), has taken the 
world by storm and was officially announced as a 
pandemic by the World Health Organization 
(WHO) on March 11, 2020. SARS-CoV-2 is 
reported to be a member of the betacoronavirus 
family, associated with the severe acute respira- 
tory syndrome (SARS) virus SARS-CoV [2]. 
Clinical signs of COVID-19 disease range from 
asymptomatic or mild infection to severe mani- 
festations that are life-threatening. In China, 
those over 65 years old and/or with comorbidities 
were found to be at higher risk of a more severe 
course of SARS-CoV-2 infection. Among the 
comorbidities, the highest fatality rates were 
Observed for individuals with cardiovascular dis- 
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ease (CVD) and diabetes mellitus, followed by 
chronic respiratory diseases, hypertension, can- 
cer, immunosuppressive disorders, and organ 
failure [3, 4]. As both CVD and diabetes mellitus 
are linked with increased adipose tissue mass [5], 
a high body mass index (BMI) and other anthro- 
pometric indices associated with obesity might 
be key risk factors indicative of a more severe 
course of disease, including development of 
pneumonia. It has been established that both 
under- and overnutrition are related to a worse 
prognosis of viral infections, as occurred in the 
case of the devastating 1918 influenza pandemic 
[6]. In addition, recent evidence has shown that 
obesity and overweight are associated with more 
severe COVID-19 outcomes [7-9]. The parame- 
ters mediating this high risk are thought to be due 
to an impaired respiratory system in obese per- 
sons, mediated by elevated airway resistance, 
disrupted respiratory gas exchange, as well as 
low respiratory muscle strength and reduced lung 
volumes [10]. Furthermore, other studies have 
proposed that obesity is related to an impaired 
immune response which is a critical factor in 
COVID-19 disease [11, 12]. 

The obesity-related effects on the immune 
system play a key role in the pathogenesis and 
outcome of most viral infections such as 
COVID-19 disease, and obesity is also linked to 
an increased inflammation response in adipose 
tissue. In turn, the inflammatory response in adi- 
pose tissue can lead to metabolic dysfunction, 
potentially resulting in dyslipidemia, insulin 
resistance, diabetes mellitus, hypertension, and 
CVD [13]. In addition, anthropometric studies 
have shown that abdominal obesity can cause 
impaired mechanical ventilation at the base of the 
lungs, leading to decreased oxygenation of vital 
tissues [14]. The abnormal secretion of adipo- 
kines and cytokines such as tumor necrosis 
factor-alpha (TNF-a) and interferon (INF) is 
indicative of a chronic low-grade inflammation 
characteristic of abdominal-centered obesity, and 
this may further impair immune responses [15] 
and negatively impact lung physiology [16]. 
Figure 8.1 highlights some of the obesity- 
associated comorbidities related to COVID-19 
disease severity. 
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The COVID-19 pandemic is now spreading 
all over the world, especially in Europe and the 
Americas, where obesity has a high prevalence 
[16]. Although this is only suggestive and does 
not necessarily imply causation, the links men- 
tioned make a strong case for more thorough 
investigations into the potential associations 
between obesity and severity of COVID-19 dis- 
ease. Obesity has already been identified as a 
risk factor for individuals experiencing a more 
severe course of infection during the 2009 influ- 
enza A HINI epidemic [15, 17, 18]. Taken 
together, these findings suggest that obesity is 
an independent risk factor for SARS-CoV-2 
infection [19]. 

Since rapid diagnosis and early treatment 
appear to produce the best patient outcomes in 
many disease areas, recognition of risk factors 
for morbidity and mortality is important to pro- 
tect the most vulnerable individuals in the society 
and to guide the most appropriate treatment 
response in a precision medicine manner. The 
aim of the present chapter was to investigate the 
hypothesis that having a higher BMI is a risk fac- 
tor for COVID-19 infection and its progression to 
a more severe disease course, independent of 
other common risk factors. We also discuss 
potential key mechanisms by which obesity 
affects COVID-19 disease and may suggest 
potential therapeutic avenues. 


Association Between 
COVID-19 and Obesity: Early 
Data 


8.2 


Much has been learned from influenza in patients 
with obesity. The Centers for Disease Control 
and Prevention (CDC) suggests that individuals 
with a BMI z 40 kg/m? have a higher risk of 
influenza complications [20]. During the HINI 
influenza pandemic, obesity was recognized as 
an independent risk factor for increasing disease 
severity [21]. A study also showed that individu- 
als with obesity have reduced protection from 
influenza immunization [22]. Therefore, it has 
been deemed likely that obesity is an independent 
risk factor for COVID-19 severity. 
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Fig. 8.1 Obesity-associated comorbidities and mechanisms of COVID-19 severity 


A descriptive study between a small sample of 
24 critically ill patients diagnosed with 
COVID-19 in the Seattle region was one of the 
first studies to report BMI data with 20 of the 
patients being either overweight or obese [23]. 
Although the numbers were too small for statisti- 
cal analyses, 20 of the patients needed mechani- 
cal ventilation and 15 died. In a study in China, 
older age (>65 years) and the presence of comor- 
bidities were found to be related to a more severe 
course in patients infected with SARS-CoV-2 
[3]. Across the recorded comorbidities, the high- 
est fatality rates were reported for CVD (10.5%) 
and diabetes mellitus (7.3%), followed by chronic 
respiratory diseases (6.3%), hypertension (6.0%), 
and cancer (5.6%) [3]. 

Concern about the impacts of BMI was further 
demonstrated by preliminary data from Shenzhen, 
China [24], and New York City (NYC), USA 


[25]. In the Chinese study, it was found that obe- 
sity, particularly in men, significantly elevated 
the risk of developing severe COVID-19 [24]. In 
addition, the obese patients tended to have upper 
respiratory tract infection symptoms, including 
fever and cough, although no significant differ- 
ences were observed in terms of disease duration 
or progression. In the New York study, having a 
BMI >40 kg/m? was the next strongest indepen- 
dent predictor of hospitalization, after old age 
[25]. In addition, a small study at the University 
Hospital in Lille, France, reported that the need 
for mechanical ventilation in 124 COVID-19 
patients was greater for those with a BMI >35 kg/ 
m^, independent of other risk factors [26]. 

In California, USA, between April and August 
2009, 1088 individuals were either hospitalized 
or died from HIN1 influenza infection [27]. Of 
these individuals, 58% were obese (BMI >30 kg/ 
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m°), and 67% had severe obesity (BMI >40 kg/ 
m’). Approximately two-thirds of the patients 
with obesity had comorbidities, including chronic 
lung disease, asthma, cardiac problems, or 
diabetes. 

In another investigation, Peng et al. conducted 
a retrospective analysis of 112 patients infected 
with SARS-CoV-2 who had been admitted to the 
Union Hospital in Wuhan, from January 20 to 
February 15, 2020 [28]. The BMI of the critical 
patients was higher than that of the general popu- 
lation, and 88% of the non-survivors had a BMI 
>25 kg/m? compared to 18.9% of the survivors. 


Association Between 
COVID-19 and Obesity: 
Recent Data 


8.3 


A number of more recent studies over the last 
2 months have now been carried out investigating 
the effects of COVID-19 outcomes in terms of 
infection, disease severity, and risk of death. 
These are highlighted in the following sections. 


8.3.1 Association of Obesity 
With a SARS-CoV-2-Positive 


Test 


A study was carried out by the Oxford Royal 
College of General Practitioners (RCGP) 
Research, and Surveillance Center primary care 
network analyzed routinely collected data from 
patients tested for SARS-CoV-2 between Jan 28 
and April 4, 2020 [29]. They used multivariable 
logistic regression models to identify risk factors 
associated with a positive test result. This showed 
that 20.9% of people with obesity tested positive 
for the disease compared with only 13.2% of 
normal-weight people [odds ratio (OR): 1.41, 
95% confidence interval (CI): 1.04-1.91). 
Another study from the UK found that both BMI 
and waist circumference were positively associ- 
ated with a positive test for COVID-19 [30]. This 
investigation also showed a dose-response-like 
relationship between BMI and a positive test for 
COVID-19, with odds ratios for overweight 
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(BMI: 25—«30 kg/m), obese (BMI: 30- < 35 kg/ 
m°), and severely obese (BMI: >35 kg/m?) sub- 
jects of 1.31 (1.05-1.62), 1.55 (1.19-2.02), and 
1.57 (1.14—2.17), respectively, compared to nor- 
mal weight controls (BMI: 18.5—«25 kg/m’). 


8.3.2 Association of Obesity 
with COVID-19 Disease 
Severity 


A recent meta-analysis of three studies reported 
an increased need of invasive mechanical ventila- 
tion in COVID-19 patients with a BMI >35 kg/m? 
with an OR of 7.36 (95% CI: 1.63-33.14, 
p = 0.021) [31]. A study in China which investi- 
gated the association between obesity and 
COVID-19 illness severity among patients with 
confirmed. SARS-CoV-2 infection found that 
each unit increase in BMI was associated with a 
12% increase in the risk of severe COVID-19 
[32]. A study by Cummings et al. carried out in 
New York (NY), USA, found that of 257 indi- 
viduals who were critically ill with COVID-19, 
171 (67%) were males, 212 (82%) had at least 
one chronic illness, and 119 (4696) were obese 
[33]. Hur et al. analyzed data from 10 Chicago 
Illinois hospitals in the USA and found that 
among patients who required intubation, those 
who were older or more obese required longer 
intubation times [34]. 


8.3.3 Association of Obesity 
with Increased Risk of Death 
from COVID-19 


A retrospective study of 13 young patients who 
died of COVID-19 and 40 matched survivors 
found that the deceased patients had higher BMIs 
(p = 0.010), increased C-reactive protein (CRP) 
inflammation biomarker (p = 0.014), increased 
troponin I (TPNI) cardiac biomarker (p = 0.005), 
and elevated D-dimer coagulation activity bio- 
marker (p = 0.047) [35]. Klang et al. carried out a 
retrospective analysis of data from COVID-19 
patients hospitalized in New York between March 
1 and May 17, 2020, using multivariable logistic 
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regression models and found that among the 
younger patients that died (<50 years old), hav- 
ing a BMI >40 kg/m? was independently associ- 
ated with mortality (OR: 5.1, 95% CT: 2.3-11.1) 
[36]. Another study in New York of 770 patients 
found that those who were obese were more 
likely to present with fever, cough, and shortness 
of breath, with a significantly higher rate of inten- 
sive care unit (ICU) admission or death 
(p = 0.002) [37]. 

A prospective study of 20,133 patients in the 
UK carried out by the International Severe Acute 
Respiratory and emerging infections consortium 
(ISARIC) World Health Organization (WHO) 
Clinical Characterization Protocol UK (CCP-UK) 
found that increasing age, male sex, and comor- 
bidities, such as obesity and chronic cardiac, pul- 
monary, kidney, and liver diseases, were 
associated with higher mortality outcomes [38]. 
Bello-Chavolla and co-workers carried out a 
study in Mexico of 51,633 people with SARS- 
CoV-2 infection, which evaluated risk factors and 
proposed a lethality score for the disease [39]. In 
this study, 5332 of the individuals died, and it 
appeared that obesity increased risk for the need 
for ICU admission and intubation and was asso- 
ciated with 49.5% of the lethality. Another inves- 
tigation assessed the obesity prevalence of the 
top 20 countries ranked according to total 
COVID-19-related deaths as of May 20, 2020 
[40]. This showed that the USA had the highest 
obesity (36.2%) and overweight (31.796) preva- 
lence, as well as the highest number of total 
deaths. In addition, correlation analysis showed 
that the number of total deaths was significantly 
correlated with the obesity prevalence in each 
country (r = 0.464, p = 0.039). 


8.4 Mechanisms 


8.4.1 Inflammation 

Obesity alters the innate and adaptive immune 
responses, which cause a state of chronic low- 
grade inflammation (Fig. 8.2) [41, 42]. This state 
is characterized by higher levels of pro- 
inflammatory cytokines such as TNF-a, macro- 


phage chemoattractant protein I (MCP-1), and 
interleukin-6 (IL-6), which are mainly secreted 
from visceral and subcutaneous adipose tissue 
[43]. However, presentation of an antigen such as 
a virus results in decreased macrophage activa- 
tion and blunted pro-inflammatory cytokine pro- 
duction, as well as exacerbation of viral symptoms 
[44]. This may explain the poorer vaccination 
response in obese individuals [45]. In addition, 
B- and T-cell responses are disrupted in obesity 
which elevates susceptibility to viral infections 
and a delay in their resolution. A study by Zhang 
et al. suggested that leptin resistance was a cofac- 
tor in the HINI influenza pandemic, as this hor- 
mone is an important regulator of B cell 
maturation, development, and performance [46]. 
In addition, obese patients may have impaired 
memory T-cell and antibody responses, which 
could also explain vaccine ineffectiveness [47]. 

A disturbed pro-inflammatory response is the 
likely cause of lung lesions observed in victims 
of influenza pandemics. In line with this, a study 
on influenza A virus infection in obese ob/ob 
mice showed elevated disease severity, increased 
secondary bacterial infections, and decreased 
vaccine efficacy [48]. A study by the same 
research group showed that serial passage of a 
human HINI influenza virus through diet- 
induced and genetic (ob/ob) models of obesity in 
mice leads to a more severe disease with elevated 
virulence and morbidity, which may br related to 
disruption of the INF response [49]. 


8.4.2 Impaired Insulin Signaling 

Patients with obesity consume a higher than nor- 
mal percentage of oxygen during respiratory 
work [50, 51]. Obesity is also linked with respira- 
tory conditions, such as exertional dyspnea, obe- 
sity hypoventilation syndrome, ` chronic 
obstructive pulmonary disease (COPD), asthma, 
and aspiration pneumonia [52]. Obesity is a 
known risk factor for diabetes, metabolic syn- 
drome, and CVD, which may also contribute to 
higher mortality in COVID-19 cases. Insulin 
resistance is a major feature of these conditions 
and can be caused by obesity [53]. Under normal 
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Fig. 8.2 Effects of obesity on inflammation and insulin resistance, predicted to lead to a more severe form of COVID-19 
disease. The effects are shown in adipose tissue, muscle, and liver, although they are likely to be systemic 


conditions, binding of insulin to the insulin 
receptor in target tissues results in parallel signal- 
ing via the PIBK-Akt and Ras-MAPK networks 
in the regulation of metabolism and growth path- 
ways (Fig. 8.3). Insulin-resistant states like obe- 
sity are characterized by specific impairments in 
the PIBK-Akt pathway, leading to compensatory 
hyperinsulinemia in order to maintain normal 
glycemia. This leads to excessive signaling via 
the growth pathway, contributing to increased 
inflammation, proliferation, and hypertrophy. 


8.4.3 Other Mechanisms 


Another factor might also lead to the elevated 
risk from COVID-19 for patients with obesity 


that was highlighted by a previous study which 
showed that adipose tissue can serve as a reser- 
voir for human viruses [54]. More studies should 
be performed to determine if adipose tissue also 
serves as a focal point of SARS-CoV-2 infection 
and spreading to other organs. 


8.5 Potential Treatment Avenues 


8.5.1 Biomarkers 

As described above, the presence of metabolic 
diseases such as obesity, hypertension, diabetes, 
and CVD is likely to contribute to a poorer prog- 
nosis in COVID-19 patients. Since these condi- 
tions are marked by insulin resistance and a latent 
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Fig. 8.3 Insulin signaling in healthy and insulin-resistant 
states. Akt, protein kinase b; ERK, extracellular receptor 
kinase; IRS-1, insulin substrate receptor-1; MAPK, 
mitogen-activated protein kinase; MEK,  mitogen- 
activated protein kinase/ extracellular receptor kinase; 


chronic inflammatory state, it is possible that the 
application of approved antidiabetic drugs such 
as pioglitazone could lead to a better outcome for 
patients with such comorbidities [55]. As a pre- 
ventative measure, obtaining a higher level of 
cardiorespiratory fitness by prior physical exer- 
cise may offer some innate immune-protection 
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against SARS-CoV-2 infection by improving 
insulin signaling and attenuating the “cytokine 
storm syndrome“that can occur in high-risk indi- 
viduals [56, 57]. The term cytokine storm 
describes an excessive and uncontrolled release 
of pro-inflammatory cytokines which can cause 
damage to the lungs and other tissues. High-risk 
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patients could be identified by biomarker tests for 
insulin resistance, such as an oral glucose toler- 
ance test or the measurement of the triglyceride 
and glucose index. Ren et al. showed that the lat- 
ter index was closely associated with severity and 
morbidity in patients infected with SAR-CoV-2 
[58]. Thus, the triglyceride-glucose index may be 
a useful marker for identification of those patients 
who are likely to experience a worse outcome of 
COVID-19 disease. These individuals could then 
be prioritized for specialized treatments. The suc- 
cessful use of some anti-inflammatory drugs in 
other hyperinflammation-related diseases like 
rheumatoid arthritis has generated much specula- 
tion about whether or not similar approaches 
could be useful in patients with COVID-19 dis- 
ease and high inflammatory biomarker profiles 
[59, 60]. 


8.5.2 Physical Exercise and Dietary 
Changes 


A large-scale population study of 387,109 men 
and women in the UK found that physical 
inactivity (relative risk = 1.32, 1.10-1.58), smok- 
ing (1.42, 1.12-1.79), and high BMI (2.05, 1.68— 
2.49) were related to cases of COVID-19 serious 
enough to warrant hospital admission [61]. Such 
problems may be compounded by obesity. For 
example, a study of 123 obese individuals under 
stay-at-home orders found that most reported 
increased anxiety and depression, increased 
stress eating, increased difficultly in achieving 
weight loss goals, and reduced exercise time and 
intensity [62]. This problem may have been exac- 
erbated during the imposed lockdown in many 
countries due to negative effects on eating behav- 
iors and dietary habits [63]. Physical inactivity is 
known to increase symptom severity and death 
outcomes in individuals with chronic diseases 
due to blunting of the immune response and mac- 
rophage activation, caused by the associated 
increased insulin resistance [64]. In contrast, 
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exercise is known to reduce the risk of mortality 
from metabolic diseases through an increase in 
physiological reserve and enhanced immunologi- 
cal benefits. 

Together, these findings argue for the develop- 
ment of specialized programs to encourage 
healthier lifestyles involving improved nutri- 
tional quality and increased physical activity to 
assist with disease management during and after 
the COVID-19 pandemic. 


Conclusions and Future 
Perspectives 


8.6 


In conclusion, patients with obesity and, most 
importantly, those with severe obesity should 
take extra measures to avoid coming into contact 
with SARS-CoV-2-infected individuals during 
the current pandemic. Such individuals have a 
higher risk of more severe forms of COVID-19 
disease due to impaired insulin signaling and 
chronic low grade inflammation. It is now 
accepted that researchers and clinicians should 
take these factors into account in order to offer 
the best possible therapeutic approach and to 
improve chances of a favorable outcome. This 
may include interventions such as the use of anti- 
diabetic and anti-inflammatory drugs to poten- 
tially decrease the chances of the patient 
progressing to severe COVID-19 illness. 

This current pandemic has highlighted that 
more should be done at the individual level to 
reduce the effects of obesity in our societies to 
minimize the effects of the current and future 
pandemics. As a preventative measure, policies 
should be adopted worldwide which encourage 
individuals to adopt a healthier lifestyle, involv- 
ing improved nutrition and increased physical 
activity. This will also have the added benefit of 
decreasing the effects of other communicable and 
noncommunicable diseases on society and relieve 
the ever increasing burden on healthcare at a 
global level. 
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Abstract 


Endothelial cells are a clinically important 
infection site for COVID-19, both as a mecha- 
nism for disease pathogenesis and as a thera- 


endothelium, defined by nitric oxide defi- 
ciency, appear to have a more severe disease 
course. As such, nitric oxide has therapeutic 
potential to mitigate COVID-19 severity. 
Inhaled nitric oxide appears to improve out- 


peutic target. People with dysfunctional 
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comes, although this strategy neglects sys- 
temic endothelium. Meanwhile, early studies 
have documented that endothelial protective 
medications, such as the administration of 
statins and ACE-inhibitors, are associated 
with less severe disease and reduced mortality. 
Importantly, these medications augment endo- 
thelial sources of nitric oxide, which may 
explain this effect. 
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9.1 Introduction 


Our vascular endothelium is under attack by 
Sars-CoV-2. Researchers from China believe that 
while initial infection occurs within the respira- 
tory epithelium, subsequent viremia results in 
multiorgan infection as well as infection of the 
distal vasculature [1]. This was recently corrobo- 
rated by Swiss researchers who demonstrated 
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infection of the endothelium by autopsy [2]. In 
response to these results, they went as far as to 
call COVID-19 an “endothelial disease.” Both 
groups independently attribute the coagulopa- 
thies associated with COVID-19 to endothelial 
damage and acknowledged that those who are 
most at risk for severe disease appear to have 
underlying dysfunctional endothelium at baseline 
[1, 2]. This arguably makes endothelial dysfunc- 
tion a significant risk factor for mortality from 
COVID-19, making it a likely therapeutic target. 

The endothelium is a single layer of cells that 
lines all 60,000 miles of our blood vessels which 
perfuse every organ in the body and has such 
diverse functions that it can be considered as an 
organ in its own right. It regulates blood flow by 
controlling vascular smooth muscle tone and 
checks vessel narrowing by preventing cell and 
platelet aggregation along its surface. 
Additionally, it is also an important immune sys- 
tem activator. Instrumental to a healthy endothe- 
lium is its ability to produce nitric oxide, which is 
the linchpin for these functions [3]. Therefore, 
decreased nitric oxide production is central to the 
pathology of dysfunctional endothelium, and 
deficiency is ubiquitous among people with 
hypertension, cardiovascular disease, diabetes, 
and chronic kidney disease [3]. These are all 
notably on the top tier of risk factors for severe 
COVID-19, which is likely not a coincidence. 
Therefore, nitric oxide may have therapeutic 
potential to mitigate the disease course, particu- 
larly in the most at-risk populations. 

The idea that nitric oxide has immunogenic 
and antiviral activity is not entirely novel. It has 
known antimicrobial activity against a wide 
range of organisms including bacteria, fungus, 
protozoa, helminths, and an assortment of viruses 
[4]. Jan Martel and colleagues recently published 
a medical theory paper on the importance of 
nasal nitric oxide regarding natural immunity, 
which suggested that variations in nasal nitric 
oxide levels may explain variable susceptibility 
to COVID-19 [4]. The paper also suggested that 
people with higher basal expired nitric oxide are 
less symptomatic to the common cold. 
Alternatively, animal studies have shown that 
mice deficient in nitric oxide are more prone to 
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respiratory viral infections [4]. Additionally, 
prior research has demonstrated that administer- 
ing nitric oxide donors to mice suffering from 
coxsackievirus-induced myocarditis improves 
outcomes [5] and that inhibition of nitric oxide 
synthase increases viral load [6]. 


9.2 Nitric Oxide, Demographics, 


and COVID-19 


While several aforementioned chronic disease 
states associated with nitric oxide deficiency 
are considered to be high risk for severe 
COVID-19 illness, disease risk can also be 
stratified by demographics defined by race and 
sex in the absence of chronic disease. These 
factors also seem to correlate well with popula- 
tion-specific nitric oxide levels. For instance, 
estrogen and progesterone have a stimulating 
effect on nitric oxide synthase, which results in 
comparatively greater nitric oxide production 
in women compared with men [7, 8], and preg- 
nant women have a surge in nitric oxide levels 
associated with elevated sex hormones [8]. This 
presents a dose-like protective effect of nitric 
oxide with women conferring an ~50% reduc- 
tion in risk of death. Statistics suggests addi- 
tional protection in pregnancy with ~96% of 
symptomatic pregnant women having mild 
symptoms [9] and 8796 of pregnant women 
screening positive for COVID-19 being asymp- 
tomatic altogether [10]. 

Black adults are at increased risk of both inci- 
dence and severity of COVID-19 illness, and 
while these observations are largely attributed to 
social factors, it has been recently suggested 
there is likely to be a concomitant biological 
component. A possible explanation is that this 
population is comparatively deficient in nitric 
oxide compared to white adults [11]. This rela- 
tive deficiency, and subsequent endothelial dys- 
function, is recognized as a primary cause of 
increased risk of hypertension, cardiovascular 
disease, and kidney disease in this population 
[11]. Furthermore, reduced endothelial function 
is observed across the lifespan and apparent even 
in healthy, young Black adults [12]. 
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Evidence for Inhaled Nitric 
Oxide and Systemic Therapy 


9.3 


Trials are underway investigating the utility of 
supplemental nitric oxide. These are largely 
based on a study that came from the SARS out- 
break in 2003, in which nitric oxide given via 
mechanical ventilation had improved oxygen- 
ation and earlier hospital discharge [13]. Another 
study during this same period demonstrated spe- 
cific viricidal effects of nitric oxide on Sars-CoV 
[14]. Additionally, nitric oxide appears to remove 
palmitic acid from the spike protein (depalmy- 
toilation), which decreases the virus’s ability to 
bind to the ACE-2 receptor [14]. Recently, Gilly 
Regev of SaNOtize (Vancouver, Canada) showed 
that nitric oxide is viricidal against Sars-CoV-2 
in vitro. SaNOtize is now exploring the applica- 
tion of a nitric oxide solution to the nasopharynx 
in a multicenter prevention and efficacy trial 
against COVID-19 [15]. While inhaled or topical 
nitric oxide applications are promising therapies, 
they fail to address deficient vascular sources of 
NO and therefore the associated systemic conse- 
quences that define illness severity. 

The benefits of nitric oxide are also indicated 
in the action of some drugs. Statins are mostly 
known for their cholesterol-lowering effects, but 
many lipid-independent actions have also been 
discovered for these drugs [16-21]. Among these 
so-called pleiotropic effects, statins increase 
endothelial nitric oxide via multiple pathways, 
and some studies have theorized that many of the 
cholesterol-independent effects of statins are 
mediated by this gas [22, 23]. Such effects may 
be at play in a study carried out by Zhang and 
colleagues, which demonstrated reduced mortal- 
ity in hospitalized patients with COVID-19 
receiving in-hospital statins [24]. The risk reduc- 
tion was apparent before matching for age and 
comorbid conditions, with the statin group being 
older and more burdened by chronic disease. 
Specifically, the higher-risk statin-treated group 
had a mortality rate of 5.5% compared with 6.8% 
in the younger, healthier cohort. After matching 
the groups for age and comorbidities, the 
improvement was predictably more profound 
with a 5.2% death rate in the statin-treated group 


and a 9.4% mortality rate in the non-statin group 
[24]. The study authors hypothesized that the 
anti-inflammatory properties and immune modu- 
lating effects of statins likely explain the survival 
benefit; however, it should not be overlooked that 
these pleiotropic effects of statins are possibly 
mediated by nitric oxide [22, 23]. 

Angiotensin-converting enzyme (ACE) inhib- 
itors and angiotensin receptor blockers also lead 
to increased nitric oxide [25-27], and Zhang 
et al. similarly demonstrated mortality benefit of 
both types of compounds in_ hospitalized 
COVID-19 patients [28]. The mortality rate was 
less than 5% in the treated group, while those not 
taking the medications had a mortality rate of 
greater than 10%. Unfortunately, this study did 
not evaluate the medication classes separately to 
examine superiority, as ACE inhibitors have a 
more robust nitric oxide response than angioten- 
sin receptor blockers [26]. Independent studies 
have shown an increase in nitiric oxide produc- 
tion of 64% to 110% in response to ACE inhibi- 
tors compared with a peak increase of 30% 
observed with angiotensin receptor blockers [26, 
27]. Therefore, it may be informative that a study 
currently in press associates ACE inhibitors with 
a 4096 reduction in hospitalization of older adults, 
but no benefit was observed with angiotensin 
receptor blockers [29]. 


9.4 Conclusions 

Given the antiviral, immunologic, vasodilatory, 
and antithrombotic properties of nitric oxide 
(Fig. 9.1), a deficiency may create an environ- 
ment in which the endothelium is both more sus- 
ceptible to infection and more prone to severe 
consequences. After infection ensues, subsequent 
inflammation results in further decreases in bio- 
availability of nitric oxide. Several inflammatory 
cytokines inhibit nitric oxide synthase, thereby 
limiting production, and reactive oxygen species 
scavenge existing nitric oxide further decreasing 
bioavailability [3]. Pro-inflammatory cytokines 
have a direct effect on vasoconstriction and 
hypercoagulation, usually countered by pro- 
cesses including nitric oxide [3]. Theoretically, a 
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Fig. 9.1 Relevant inhibitors and stimulators of eNOS regarding COVID-19 and subsequent physiological responses 


person who is already deficient in nitric oxide 
with preexisting endothelial inflammation will 
have less reserve to address the cytokine storm 
associated with COVID-19, and the scales begin 
to be unfairly tipped in the direction of 
dysfunction. 

The variability of nitric oxide production across 
populations in both health and disease appears to 
accurately predict protection from and susceptibil- 
ity to COVID-19 disease in a dose-like fashion. 
Furthermore, there are rational mechanisms to 
explain the conferred protection from elevated lev- 
els of endothelial nitric oxide. There are some 
studies underway exploring this relationship, 
although most are limited to inhaled nitric oxide. 
Meanwhile, some have investigated endothelial 
stabilizing medications with evidence of benefit. 
While it remains unclear as to what mechanism 
explains the protective effect of these medications, 
increased nitric oxide is a plausible answer. 
Although these studies are encouraging, a clearer 


understanding of the role of systemic nitric oxide 
on disease course is needed to define the path to 
potentially important therapeutic discoveries. 
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esis of SARS-CoV-2, especially the immune 
mechanisms, which could be potentially used 
as therapeutic targets for the management of 
COVID-19. 


Keywords 


COVID-19 - Cytokine storm syndrome - 
Immune response - Lymphopenia 


10.1 Introduction 

Infection of SARS-CoV-2 in the lungs results in 
stimulation of macrophages and monocytes, the 
release of cytokines, and adaptive immune 
responses [1, 2]. In certain instances, this immune 
response can overcome viral infection and the 
patient recovers. However, in some instances, a 
dysfunctional immune response will result in 
pneumonia and multiorgan failure [3]. 
Dysfunctional immune response in some patients 
activates a cytokine storm which results in wide- 
spread inflammation of the lungs. There is some 
evidence to show that lymphopenia and the cyto- 
kine storm result in a worse prognosis. Managing 
the inflammatory response due to dysfunctional 
immune response is found to be as crucial as con- 
trolling the infection. Medications that prevent 
viral infection as well as those which regulate 
defective immune defenses can potentially pre- 
vent development of multiorgan failure [4]. 


10.2 Virus Entry 


SARS-CoV-2 is a solitary strand RNA virus with 
four main basic proteins: spike (S), envelope (E), 
nucleocapsid (N), and membrane (M) proteins 
which infect human respiratory tract cells. The 
virus enters cells through binding of the S protein 
to the angiotensin-converting enzyme 2 (ACE2) 
receptor following S protein priming by the host 
transmembrane protease, serine 2 (TMPRSS2). 
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Another receptor, CD147, is also associated with 
SARS-CoV-2 entry into the host cells [5]. After 
these processes, the virus enters the cells by 
endocytosis, and the viral RNA is discharged into 
the cytosol. The virus utilizes the cell hardware 
for multiplication and then erupts from the cell 
through exocytosis. Patients with relatively high 
viral burdens tend to develop more severe 
COVID-19 disease. Furthermore, downregula- 
tion and shedding of ACE2 by the viral S protein 
may disrupt the renin-angiotensin framework and 
increase vascular penetrability resulting in more 
severe lung injury [6]. 


10.3 Immune Responses 


in COVID-19 Disease 


The immune responses induced by SARS-CoV-2 
have two principal stages. The initial stage 1s the 
protective response, and the second stage is the 
inflammatory response. COVID-19 causes an 
imbalance of the immune system and hyperacti- 
vation of the immune response. The adaptive 
immune response is needed during the asymp- 
tomatic phase to get rid of infection [7]. Thus, 
strategies related to improving the immune sys- 
tem are essential at this point. Patients must be in 
good health and have a favorable genetic back- 
ground (e.g., HLA) that could contribute to the 
first line of defense against the virus [8, 9]. 
However, if this response is not adequate, the 
virus will spread mainly to tissues with high 
ACE2 expression, such as the intestines and kid- 
neys. The infected cells can cause latent 
pulmonary inflammation which is principally 
mediated by pro-inflammatory macrophages and 
granulocytes. At this stage, strategies to reduce 
inflammation could be potentially helpful. 
Effective intervention at this stage will bring 
down the virus load and prevent hyperinflamma- 
tion. In this regard, type I interferon (IFN) is cru- 
cial for early viral clearance to minimize viral 
replication, T-cell exhaustion, and cytokine 
storms (Fig. 10.1) [10]. 
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Fig. 10.1 The invading SARS-CoV-2 virus induces non- 
serious symptoms during the incubation period, which 
elicits defensive immune responses. Successful clearance 
of viruses relies on the state of safety. If the affected indi- 


10.3.1 Innate Immune Responses 
in COVID-19: Role 
of Cytokines and Chemokines 


SARS-CoV-2 stimulates expression of numerous 
IFN-stimulated genes (ISGs) [11, 12]. These 
have an immunopathogenic capacity through 
overexpression of the inflammatory genes. Type I 
IFN is essential for protection against viral dis- 
eases as it facilitates intracellular destruction of 
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vidual's general health condition does not remove the 
infection, then the patient reaches the severe stage of an 
intense and harmful inflammatory reaction, particularly in 
the lungs 


RNA and recovery from viral infections, induces 
tissue repair, and activates a continuous adaptive 
immune response [13]. Type I IFN is delivered by 
plasmacytoid dendritic cells (pDCs) because they 
are less susceptible to active viral infection and 
virus-mediated cytotoxicity. They also release 
inflammatory cytokines, including tumor necro- 
sis factor (TNF)-« and interleukin (IL)-6 to con- 
trol the T-cell response. PDCs disperse immune 
cells that serve as guardians and are activated 
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after physical contact within infected cells as part 
of a process called the interferogenic synapse. 
This results in transition of pathogen-associated 
molecular pattern molecules (PAMPs) to toll-like 
receptor 7 (TLR7) receptors in pDCs [14]. This 
synapse facilitates development of type I IFN at 
the infected area, therefore restricting viral repli- 
cation and the potentially harmful systemic 
response. A reduced IFN type I response is asso- 
ciated with higher COVID-19 severity. 
Hypercytokinemia in COVID-19 patients is 
related to the severity of COVID-19 disease [15]. 
The most crucial cytokines in this regard are che- 
mokines, such as neutrophil-recruiting chemo- 
kines, and monocyte attractants [16]. 


10.3.2 Monocytes and Macrophages 
in COVID-19 


Bronchoalveolar fluid (BALFs) from individu- 
als with severe COVID-19 showed an increased 
expression of CCL2 and CCL7, two of the most 
essential chemokines for recruitment of CCR2+ 
monocytes. BALF analysis by single-cell RNA 
sequencing of moderate COVID-19 patients 
reported increased concentrations of mononu- 
clear phagocytes [11]. In COVID-19 patients, 
there is an increased concentration of the group 
of macrophages that are enriched in tissue- 
repaired genes and promote generation of fibro- 
sis, as found in liver cirrhosis. This suggests that 
the pathogenicity of invading macrophages may 
go farther than acute inflammation to fibrosis in 
ventilated patients [11, 17]. Park et al. have ref- 
erenced macrophages as a Trojan horse in 
COVID-19. ACE2-expressive CD68+CD169+ 
macrophages were found in the splenic mar- 
ginal zone and marginal sinuses of the lymph 
node which expresses nucleoprotein antigen 
SARS-CoV-2 and produces a significant rise in 
IL-6 concentrations. This suggests CD169+ 
macrophages can facilitate viral spread during 
SARS-CoV-2 disease, heighten inflammation, 
and activation-induced lymphocytic cell death 
[18]. 
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10.3.3 Role of Complement 
in COVID-19 


Complement is one of the essential factors help- 
ful in shielding from pathogens. However, the 
excessive and deregulated response of comple- 
ment can trigger injury to the tissue. Complement 
is both an integral part of the innate immune sys- 
tem of the pathogens and a pro-inflammatory 
reaction orchestrator. C3-lacking mice infected 
with SARS-CoV show reduced pulmonary injury, 
lower neutrophil and monocyte infiltration, and 
diminished cytokine and chemokine levels in 
both the lungs and the sera [19]. This suggests 
that the inactivation of C3 in the inflammatory 
lung may likewise reduce the severity of SARS- 
CoV-2 injury in tissues. The reduction in lung- 
invading neutrophils and the reduced 
intrapulmonary and plasma IL-6 levels observed 
in C3-deficient mice infected with SARS-CoV 
suggests the opportunities for utilizing C3 block- 
ers with anti-IL-6 agents [19]. C3 inhibition can 
simultaneously block the development of C3a 
and C5a, as well as intrapulmonary activation of 
C3 and the release of IL-6 from alveolar macro- 
phages or other cells expressing C3a (C3aR) and 
C5a (C5aR) receptors, thereby limiting lung 
injury. Ex vivo experiments of whole blood infec- 
tion with the AMY-101 C3 inhibitor have demon- 
strated that it will reduce IL-6 levels. The lung 
biopsy specimens from individuals with extreme 
COVID-19 revealed extensive activation of com- 
plement, characterized by the production of C3a 
and deposition of C3 fragment. There was also a 
rise in the serum C5a levels [20]. Patients with an 
anti-C5a antibody showed better lung oxygen- 
ation and diminished inflammatory responses 
[21, 27]. 


10.3.4 B-Cell Immunity 


In patients with COVID-19, B-cell reactions 
emerge around the same time as T follicular 
helper cell responses, beginning about 1 week 
after the inception of symptoms. A B-cell 
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response mainly occurs in patients with SARS- 
CoV disease for the most part against the viral N 
protein [23]. Antibody responses to the S protein 
were seen within 4—8 days of the beginning of 
symptoms. Neutralizing responses of antibodies 
against the S antigen begin to increase by week 2, 
and by week 3, most patients develop neutraliz- 
ing antibodies. However, this does not appear to 
result in durable SARS-CoV-2 antibodies [23]. 
The neutralization of the virus is viewed as a fun- 
damental mode of action for antibodies although 
the specific titer of antibodies remains unresolved 
[10, 23]. 


10.3.5 T-Cell Immunity 


CD8+ T cells are expected to attack and destroy 
virus-infected cells specifically, while CD4+ T 
cells are essential in the activation of both CD8+ 
T cells and B cells. CD4+ T cells likewise pro- 
duce cytokines to activate immune cells [10]. It 
seems that SARS-CoV-2 can cause a protective 
immune response mediated by the T lymphocyte, 
in comparison to other CoVs. Patients with 
COVID-19 have increased monocytes and T cells 
in the lungs and a significant reduction in the 
amounts of CD4+ and CD8+ T cells in the periph- 
eral blood due to insufficient activation as seen by 
elevated HLA-DR and CD38 double-positive 
fractions [9]. Such outcomes demonstrate that T 
cells are attracted to monitor virus infection away 
from the blood and toward the affected region. 
Likewise, the intense stage response in patients 
with SARS-CoV is associated with a significant 
reduction in CD4+ T and CD8+ T cells [8]. Albeit 
additional precautionary measures ought to be 
taken in patients determined to have SARS-CoV-2 
who are hospitalized with lymphopenia, cellular 
immune reactions also appear to be reduced. A 
cellular immune response efficiently destroys 
SARS-CoV-2 in the safest-case scenario without 
any (or mild) clinical signs of infection. However, 
this is not always the case as the virus also induces 
immunosuppression that reduces and sometimes 
overcomes the host’s defenses [8]. 


10.4 Pro-inflammatory Th17 
Lymphocytes and Disease 
Progression 


Xu et al. observed that patients with severe 
COVID-19 infection had high concentrations of 
CCR4+ CCR6+ THI7 cells in the peripheral 
blood, thereby indicating a TH17-type cytokine 
storm. This research demonstrated a crucial role 
of Th17 inflammatory response in the pathogen- 
esis of COVID-19 pneumonia [24]. This involves 
releasing essential cytokines such as IL-17 and 
other factors to intensify viral immunopathogen- 
esis by downregulating Treg cells, facilitating 
neutrophil relocation, and simultaneously incit- 
ing Th2 reactions. IL-17 can induce severe eosin- 
ophilic reactions, allergic disease, and, to some 
degree, extravasation into the lungs [24]. Most 
recent outcomes show that the N protein is a 
potential inducer of IL-6 reactions that could 
intervene in coronavirus lung pathology [24, 25]. 


10.5 Lymphopenia and COVID-19 


Lymphopenia is one of the most noteworthy 
markers of COVID-19. All lymphocyte subsets, 
which incorporate CD4+ and CD8- cytotoxic T 
cells, natural killer (NK) cells, memory and Treg 
cells along with B cells, have been shown to be 
diminished in COVID-19 disease. This is critical 
as lower levels of lymphocytes are strongly 
related to the seriousness of disease [26]. T-cell 
numbers are inversely related with serum levels 
of IL-6, IL-10, and TNF-« and elevated levels of 
programmed cell death protein 1(PD-1) or T-cell 
immunoglobulin (Ig) and mucin domain- 
containing molecule-3 (TIM-3) [27]. 

The evidence suggests that SARS-CoV-2 tar- 
gets T cells by receptor-dependent, S-protein- 
mediated membrane fusion. T cells have a low 
level of ACE2 expression, suggesting both an 
alternate receptor and a strong S-sensitivity to the 
protein. Invasion of T cells is abortive, showing 
that replication of SARS-CoV-2 inside T cells is 
not possible yet causes cell death instead [28]. 
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Second, impaired lung macrophages or epithelial 
cells (in the first stage of hypercytokinemia) build 
up a variety of inhibitory cytokines, particularly 
TNF-a causing T-cell apoptosis,  IL-10- 
restraining T-cell expansion, and type I IEN in the 
regulation of lymphocyte distribution. Thirdly, 
lymphopenia has been accepted to be the result of 
immune cell redistribution, with lymphocytes 
proliferating in the lungs or lymphoid glands 
[28]. Immunohistochemical staining of spleen 
and lymph nodes has shown decreased levels of 
CD4+ and CD8+ T cells. Finally, metabolic mol- 
ecules generated by metabolic disorders such as 
lactic acid can block lymphocytes. Severe cases 
of COVID-19 patients have been found to have 
high blood lactic acid levels which can limit lym- 
phocyte expansion [29]. 


10.6 Exhausted T Lymphocytes 
Associated with COVID-19 
Disease Severity 


Immune system homeostasis represents a vital 
role in preventing COVID-19 pneumonia [28]. 
Yong-Tang Zheng provides substantial differ- 
ences in the levels of exhaustion modules 
between the three target groups (healthy, mild, 
severe), in particular PD-1, cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4), 
and T-cell immunoglobulin and ITIM domain 
(TIGIT), and functional modules, such as IFN-y, 
TNF-a, and IL-2. In the severe group, the amount 
of multifunctional CD4+ T cells declined signifi- 
cantly relative to the levels in healthy controls 
and a mild group, whereas the number of non- 
functional subgroups (IFN — TNF-a — IL-2) 
increased. The disturbance of CD4+ T cells 
could also have predisposed COVID-19 patients 
to severe diseases [28]. Prior research from 
Guang Chen et al. demonstrated that the Treg 
(CD4+ CD25+ CD127low+) and CD45RA+ 
Treg rates were lower in practically every severe 
and moderate case, with CD45RA+ Treg cells 
falling more significantly in severe cases than in 
moderate ones. It should be remembered that in 
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certain patients with extreme and moderate 
COVID-19, CD4+T, CD8+T, and NK cells, the 
levels of IFN-y secretion are reduced [30]. An 
early IFN response is fundamental for an effec- 
tive T-cell reaction as a delayed IFN response 
may reduce T-cell expansion or T-cell departure 
from lymphoid organs. It might also bring about 
T-cell depletion and cell death. In patients with 
extreme COVID-19, lung damage was found to 
be correlated with cytokine release syndrome, 
suggesting an expected failure to trigger oppor- 
tune immunosuppressive systems. Even so, Treg 
cell counts have been suggested to be associated 
inversely with the seriousness of the disease in 
COVID-19 patients [15]. IFNs are viewed as sig- 
nificant controllers for Treg cell development. 
Zheng et al. showed that the total amount of NK 
and CD8+ T cells diminished significantly in 
patients with SARS-CoV-2 disease. With the 
increased production of NKG2A in patients with 
COVID-19, the activity of the NK and CD8+ T 
cells was found to be reduced. Interestingly, the 
amount of NK and CD8+ T cells with decreased 
NKG2A expression has been shown to be 
increased in patients convalescing following 
treatment [31]. Consequently, infection with 
SARS-CoV-2 can destroy antiviral immunity 
rapidly. Hence, expression of SARS-CoV-2 
induced NKG2A in COVID-19 patients with 
serious pulmonary inflammation associated with 
an initial phase of functional exhaustion of cyto- 
toxic lymphocytes, which may lead to progres- 
sion of the disease. Persistent infection and 
cancer have been found to have immune- 
inhibitory “checkpoint” receptors that lead to 
dysfunction of NK and T cells. It is important to 
take note that checkpoint inhibitors, such as anti- 
PD-1 and anti-TIGIT, help in the case of chronic 
infection and cancer and revitalize depleted T- or 
NK-cell responses [32]. NKG2A is believed to 
be another inhibitory molecule in the immune- 
checkpoint blockade. Such results show the 
importance of improving the immune response 
of NK cells and CTLs underlying SARS-CoV-2 
infection and maintaining strategies for avoiding 
cytotoxic lymphocyte exhaustion [33]. 
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10.7 Cytokine Storm, a Lethal 
Phase 


Cytokine release syndrome (CRS) tends to 
involve severely affected individuals with 
COVID-19 disease. Considering that lymphocy- 
topenia is frequently seen in severe COVID-19 
patients, leukocytes other than T cells will medi- 
ate the CRS induced by the SARS-CoV-2 virus. 
Cytokines are highly significant for COVID-19 
pathophysiology [4]. Although some are protec- 
tive (type I interferon, IL-7), others seem hazard- 
ous (IL-1B, IL-6, and TNF-a) and result in 
cytokine storms. This cytokine storm appears to 
be more likely to occur by a combination of the 
defective or delayed first line of protection, 
accompanied by chronic hypercytokinemia and 
an abnormal T-cell response [4]. This tends to 
result in incomplete removal of apoptotic cells or 
affected macrophages, an increase in viral prolif- 
eration and expansion, accompanied by an 
IL-18-/IEN-y-activating macrophages, and 
which leads to massive secretion of cytokines, 
hemophagocytosis, coagulopathy, and acute 
respiratory distress syndrome (ARDS). By 
examining the immunopathology of SARS-CoV- 
2-related ARDS more closely, two mechanisms 
of immune failure have been identified as 
COVID-19 worsens: (1) an IL-1B-driven macro- 
phage activation syndrome and (2) an immune 
dysregulation process guided by IL-6 [34]. The 
latter has been depicted by a combination of 
hypercytokinemia, immunoparalysis (CD14 
monocytes with reduced HLA-DR molecules), 
and generalized lymphopenia (such as CD4+ 
and NK cells). Nonetheless, the blockade of IL-6 
tocilizumab preserved HLA-DR expression on 
CD14 monocytes and increased the number of 
circulating lymphocytes. Cytokine storms could 
cause ARDS, severe cardiac attack, and second- 
ary infection, culminating in systemic sepsis, 
and multisystem failure that may result in death 
(Fig. 10.2) [17, 35]. 


10.8 Coronavirus Treatments: 
Which Therapies Could 
Be Effective for COVID-19? 


10.8.1 Apoptosis Inhibitors 


Currently, there are no definite treatment proto- 
cols developed for COVID-19. Traditional thera- 
pies are mostly directed at the symptom level. 
Evidence shows that lymphopenia is generally 
identical in SARS-COV-2, respiratory syncytial 
virus infection, measles, and sepsis. The main 
triggers of sepsis and measles is apoptosis, which 
is expected to promote lymphopenia. For exam- 
ple, apoptosis inhibitors ameliorate inflammation 
and reduce mortality in sepsis models. These 
results have given us valuable insights concern- 
ing SARS-CoV-2 patients [36]. The proliferation 
of lymphocytes or targeting drugs for apoptosis 
(PD1/PD-L1 inhibitors) may forestall lymphope- 
nia or recuperate lymphocyte in severe COVID-19 
patients [37]. Restoration of the leukomonocyte 
populations of COVID-19-hospitalized patients 
appears to be associated with viral clearance. By 
comparing the numbers of leukomonocytes in 
COVID-19 patients at different periods of the 
sicknesses, research showed that CD3+, CD4+, 
and CD8+ T cells and B cells appear to play sig- 
nificant roles in viral clearance. It has been pro- 
posed that stabilization of leukomonocyte levels 
may be used as a guide for releasing and 
discharging patients in the COVID-19 diagnostic 
guidelines [37]. 


10.8.2 Convalescent Plasma 
and COVID-19 


Immune or convalescent plasma is plasma 
obtained from patients after recovering from 
infection and antibody production. As can be 
shown, there are also many issues concerning 
convalescent plasma or immunoglobulins regard- 
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Fig. 10.2 The immune responses mediated by SARS-CoV-2 are two main phases: the protective immune step and the 
second damage processing step done by inflammation and the cytokine storm 


less of their wide approval. They had been used 
to increase the recovery rate of patients with 
SARS, human immunodeficiency virus (HIV), 
and severe HINI influenza whose conditions 
worsened despite the treatment with pulsed meth- 
ylprednisolone [38]. One possible rationale 
behind the viability of convalescent plasma ther- 
apy might be that the antibodies could forestall 
viremia and provide passive immunity [39]. An 
in vivo examination likewise found that these 
neutralizer activities were not only restrictive for 
virus clearance and prevented new invasion but 
also increased infected cell clearance. 
Convalescent plasma, acquired from recovered 
COVID-19 patients with humoral immunity to 
the virus, has a large amount of neutralizing anti- 
bodies which could neutralize SARS-CoV-2 and 
eliminate the pathogen from the blood circulation 
and pulmonary tissues [40]. The outcome might 
be particularly advantageous for individuals with 


severe or life-threatening COVID-19 disease and, 
by using this medication, reduce the length or 
extent of the illness. The neutralization antibody 
titers correlate with the numbers of virus-specific 
T cells. Given the unavailability of data of SARS- 
CoV-2 fundamental biology, particularly virus 
heterogeneity and mutation, locally acquired 
plasma that better represents the circulating virus 
in the community may be a viable treatment 
choice. However, for this to work, we need 
appropriate donor selection with significantly 
higher serum titers of antibody that are neutral- 
izing [40]. 


10.8.3 Intravenous Immunoglobulin 
(IVIG) 


Individuals with debilitated immune systems, in 
general, have a greater danger of the related 
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complications of COVID-19. Coupled with anti- 
viral medications, IVIG-utilizing immunother- 
apy can be utilized to control or eliminate 
COVID-19 and improve the immune response 
to this virus. IVIG antibodies have two funda- 
mental parts. These are the F (ab') 2 piece, 
which is essential for the recognition of anti- 
gens, and the crystallizable fragment (Fc), 
which is essential for activating the immune 
response by communicating with B cells as well 
as other innate human immune cells with Fcy 
receptors [41]. The Fc section additionally plays 
a pivotal role in enacting complement and evac- 
uating the microorganisms. Elective treatment 
may, for the most part, be given with safe IVIG 
as an adjunctive prescription combined with 
antivirals. Tolerant IVIG antibodies acquired 
from healing patients would be successful 
against COVID-19 by reinforcing the immune 
response reaction in recently infected patients. 
However, no COVID-19 immunization is 
authoritatively accessible, and the mix of insus- 
ceptible IVIG antibodies with antiviral medica- 
tions only gives short- and medium-term 
protection against COVID-19 [41, 42]. 


10.8.4 Cytokine-Based Interventions 


10.8.4.1 Typellnterferon 

Patient immune status will establish the efficacy 
of the COVID-19 treatments. Emerging data 
indicates that SARS-CoV-2 can activate a range 
of immune processes, allowing immunosuppres- 
sive agents in clinical trials to be beneficial in 
certain patients but dangerous to others [43]. 
IEN o and IFN-D have recognized as potentially 
beneficial anti-S ARS-CoV-2 medications. Type I 
IFN should be given as early as possible follow- 
ing diagnosis (ideally before the initiation of 
manifestations), however not in the late stage 
because of likely disturbance to tissues. Until 
peak viral replication, early IFN therapy was 
found to save mice from fatal SARS-CoV or 
MERS-CoV challenge, while late IFN therapy 
disrupted viral clearance and exacerbated immu- 
nopathology [14]. 
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10.8.4.2 Granulocyte-Macrophage 
Colony-Stimulating Factor 
(GM-CSF) 

GM-CSF performs a primary controlling func- 
tion in cytokine production and myeloid cell- 
induced hyperinflammation. In addition, the late 
phases of COVID-19 disease will most likely be 
controlled not by forceful viral replication and 
cell lysis but by immunopathology, especially 
myeloid cell immunopathology [44]. In this man- 
ner, the putative pathogenic function of GM-CSF 
in immune hyperactivation opens up the possibil- 
ity for starting continuous clinical investigations 
using GM-CSF focusing on monoclonal antibod- 
ies (mAbs) for treating COVID-19 patients. The 
reasoning and the risks for both therapeutic 
administration and inhibition of GM-CSF in 
COVID-19 have been established. The use of 
GM-CSF in COVID-19 patients may improve 
lung capacity by supporting the alveolar wall and 
enhancing viral removal and thereby offer a posi- 
tive advantage in early COVID-19 phases. 
Conversely, GM-CSF or GM-CSFR inhibition 
can be a protective treatment for the cytokine 
storm and myeloid cell tissue invasion. As it may 
influence the release of several pro-inflammatory 
cytokines and chemokines by myeloid cells, the 
GM-CSF approach may have noteworthy immu- 
nomodulatory implications [44]. 


10.8.5 Anti-Cytokine Interventions 


10.8.5.1 IL-6 Inhibition 

Inflammation caused by SARS-CoV-2 results in 
a dose-dependent release of IL-6 from bronchial 
epithelial cells [45]. In patients with SARS- 
CoV-2 infections, alterations in IL-6 levels could 
potentially be a crucial mediator when severe 
systemic inflammatory reactions occur. IL-6 is 
involved in two particular pathways in SARS- 
CoV-2 pathology. The first of these is thought to 
be anti-inflammatory (induced by the membrane- 
bound variant of the IL-6 receptor, mIL6R) and 
the second is the trans-signaling pathway 
(induced by the soluble ILOR form) which is pre- 
sumed to have a pro-inflammatory role [25]. 
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Specific blockers of these pathways should be 
investigated to determine which is the most effec- 
tive as a treatment for COVID-19 disease. 


10.8.5.2 TNF Inhibitors 

As mentioned above, SARS-CoV-2 infection is 
related to downregulation of ACE2 expression 
combined with activation of the renin-angiotensin 
system liable for the lung injury [6]. In addition, 
the viral spike protein will cause a TNF-a- 
converting enzyme (TACE)-dependent shedding 
of the ectodomain ACE2, which is fundamental 
for the viral entry into the cell. For these reasons, 
it has been speculated that the use of TNF inhibi- 
tors may be efficient in lowering both SARS- 
CoV-2 infection and the resulting organ damage. 
Subsequently, the Chinese Clinical Trial Registry 
(ChiCTR2000030089) announced an investiga- 
tion of adalimumab in patients with COVID-19 
infection [46]. 


10.8.5.3 Targeting Chemokine 
Receptors 

In patients with COVID-19, a significant rise of 
CCL2 and CCL3 expression in macrophages has 
been seen alongside diminished expression of 
CCRI, the receptor for both chemokines. Since 
binding of CCL2 or CCL3 to CCRI, CCR2, or 
CCR5 causes monocyte recruitment into the lung 
parenchyma with eventual differentiation into 
inflammatory macrophages and resulting recruit- 
ment and activation of multiple immune cells, 
and epithelial injury, CCRI, CCR2, and CCR5 
could be potent anti-inflammatory targets in 
COVID-19 [11]. HIV and other viral diseases tar- 
get the CCR2/CCL2 axis. However, the evidence 
has not verified the production of CCR2 in the 
respiratory tract of COVID-19 patients (possibly 
due to its accelerated inhibition in monocytes as 
they leave the circulation and reach tissues). This 
leaves CCRI and CCR5 as potential targets, 
which should be investigated further [11, 16]. 


10.8.6 Nontargeted Therapies 


10.8.6.1  Corticosteroids 

Corticosteroids are effective cytokine inhibitors 
that act by various pathways but essentially 
through inhibition of the transcription factor 
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NF-«B. These drugs are the foundation of thera- 
pies for autoimmune and autoinflammatory dis- 
orders with cytokine storms. Dexamethasone is a 
medication that has been utilized in a variety of 
treatments since the 1960s to minimize inflam- 
mation involving autoimmune diseases and cer- 
tain cancers [47]. According to early findings in a 
clinical trial conducted in the United Kingdom, 
dexamethasone was found to reduce mortality by 
about one-third for patients on ventilators, and 
mortality was decreased by around one-fifth for 
patients needing only oxygen [47]. 


10.8.6.2 Remdesivir 

Remdesivir is a nucleotide-analog prodrug that 
prevents polymerases of viral RNA, which has 
been shown to have efficacy against SARS- 
CoV-2 in vitro [48]. Remdesivir is intracellularly 
metabolized to an analog of adenosine triphos- 
phate that suppresses viral RNA polymerases. 
Remdesivir has broad actions on a variety of viral 
agents, including filoviruses (Ebola) and corona- 
viruses (SARS-CoV and MERS-CoV). The US 
Food and Drug Administration has provided an 
urgent usage permit for the investigational antivi- 
ral medication remdesivir for the care of sus- 
pected or laboratory-affirmed COVID-19 in 
hospitalized adults and children with serious ill- 
ness. One study showed that remdesivir reduced 
the period of rehabilitation in some instances of 
COVID-19 [49]. 


10.9 Conclusions 


The occurrence and development of SARS- 
CoV-2 depend on the interaction between virus 
infection and the immune system. Dysregulation 
of the immune system in COVID-19 patients can 
contribute to serious illness. Dysregulation of the 
immune system such as lymphopenia and cyto- 
kine storm could be a crucial factor related to the 
severity of COVID-19. Decreased T lymphocytes 
and elevated cytokines could potentially serve as 
COVID-19 prognostic markers. Antiviral or 
immunomodulatory therapies have not been 
shown to be useful for treatment of COVID-19 to 
date. In clinical trials, interventions could be 
timed based on immune response. For example, 
antivirals and immune boosters should be started 
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soon after the start of symptoms, whereas immu- 
nosuppressants should be delivered at the begin- 
ning of the cytokine storm. 
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Abstract 


The SARS-CoV-2 virus which causes 
COVID-19 disease was initially described in 
the Hubei Province of China and has since 
spread to more than 200 countries and territo- 
ries of the world. Severe cases of the disease 
are characterised by release of high levels of 
pro-inflammatory cytokines and other inflam- 
matory mediators in a process characterised as 
a cytokine storm. These inflammatory media- 
tors are associated with pathological leukocyte 
activation states with tissue damage. Here, we 
review these effects with a focus on their 
potential use in diagnosis, patient stratification 
and prognosis, as well as new drug targets. 
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11.1 Introduction 

The novel coronavirus, severe acute respiratory 
syndrome-coronavirus-2 (SARS-CoV-2 or 
COVID-19), was initially described in a cohort of 
patients presenting in Wuhan, Hubei Province, 
China. The virus belongs to a family of small 
RNA viruses which cause illness in mammals 
and birds. Viruses from the family are considered 
responsible primarily for upper respiratory tract 
infections. SARS-CoV-2 is considered a zoonotic 
infection (with possible intermediary hosts 
including bats and pangolins) [1]. The virus is 
transmitted in respiratory droplets and infects the 
pulmonary tissue, gaining access through the 
angiotensin-converting enzyme 2 (ACE2) recep- 
tor (expressed on airway epithelial cells, alveolar 
epithelial cells, vascular endothelial cells and 
macrophages in the lung) [2-4]. It is estimated 
that a majority of individuals (up to 8096 in some 
studies) are asymptomatic or mildly symptomatic 
(with predominantly upper respiratory tract 
infection symptoms), ~10% are moderately to 
severely symptomatic and ~10% require admis- 
sion [5, 6]. The mortality rates of the virus have 
varied geographically between approximately 2 
and approximately 1646 although these data may 
be skewed by incomplete reporting and case find- 
ing. It has become apparent that certain individu- 
als are more likely to suffer from severe 
disease — specifically patients with severe under- 
lying diseases (especially morbid obesity and 
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type 2 diabetes mellitus) and patients over the 
age of 60 years [7—10]. 


11.2 Thelnflammatory Response 


Inflammation is the body's response to injury and 
tissue damage which could result from trauma or 
infection. It is characterised by the secretion of 
inflammatory mediators and activation by innate 
and adaptive immune effector cells which are tar- 
geted to resolve infection and to initiate wound 
repair and healing [11, 12]. The inflammatory 
response to infections aims to restrict the spread 
of the infectious agent through the body and to 
activate cells to eliminate the agent. Infection is 
initiated when the mucosal or skin surface is 
breached, and pattern recognition receptors on 
cells recognise specific pathogen-associated 
molecular patterns (including lipopolysaccharide 
and peptidoglycan or non-mammalian nucleic 
acid signals). Cells are stimulated to secrete 
intercellular cytokines which have an autocrine, 
paracrine and endocrine effect including the type 
] interferons, interleukin (IL)-1, IL-6 and tumour 
necrosis factor-alpha (TNF-a). Levels of IL-1, 
IL-6 and TNF-a are often elevated in viral infec- 
tions and exert pleiotropic effects. These include: 


* [ncreased apoptosis of endothelial cells with a 
shift to a procoagulant state [11, 13—15] 

e Activation of natural killer cells, B cells and T 
cells [13, 15] 

* Tissue cytotoxicity with effects on glucose 
metabolism, cardiac function and lung 
function 


Damaged cells also produce arachidonic acid 
mediators of inflammation (also called eico- 
sanoids) [16]. These are small lipid molecules 
derived from the action of phospholipase-A2 on 
the phospholipid cell membrane bilayer and 
include prostaglandins, prostacyclins and leukot- 
renes [17, 18]. These have slightly different 
effects which, in some cases, are tissue depen- 
dent but include smooth muscle constriction, 
increased coagulation and platelet activation and 
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increased endothelial permeability with leuko- 
cyte recruitment [17]. 

Cells which play an acute role in inflammation 
include phagocytes, innate-like lymphocytes and, 
in more chronic processes, conventional T and B 
lymphocytes. Neutrophils, cells of the acute 
inflammatory process, are essential in the initial 
phagocytosis of infectious agents [19]. 
Neutrophils are responsible for oxygen- 
dependent and independent killing of pathogens 
and also extrude their cellular DNA as neutrophil 
extracellular traps (NETs). In overwhelming 
infection, neutrophils die and form pus. Monocyte 
(or macrophages in the tissue resident form) and 
myeloid dendritic cells are responsible for phago- 
cytosing pathogens and presenting peptide anti- 
gen to CD4+ T cells triggering an adaptive 
response. The innate-like lymphoid cells have a 
number of functions including killing virally 
infected cells (natural killer cells), recognising 
non-peptide antigen (natural killer T cells) and 
producing thymic-independent B-cell responses 
(B1-B cells). 

The conclusion of an inflammatory response 
should be a compensatory anti-inflammatory 
response characterised by secretion of cytokines 
like transforming growth factor beta (TGF-p). 
This allows for wound healing and proliferation of 
tissues with accompanying angiogenesis. 
Activated lymphocytes undergo apoptosis, leaving 
a small residual population of memory cells who 
can then respond to any future insults [16, 20]. 


11.3 The Role of Inflammation 
in SARS-CoV-2-Associated 
Morbidity and Mortality 


From early on in the pandemic, it was recognised 
that inflammation plays a role in SARS-CoV-2- 
associated severe disease which is characterised 
by release of high levels of pro-inflammatory 
cytokines and inflammatory mediators described 
as a cytokine storm (Table 11.1) [11, 21-23]. 
This has been compared to similar conditions 
noted in, for example, the use of chimeric-antigen 
receptor T cells [24] and processes of abnormal 
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Table 11.1 Soluble inflammatory mediators with potential pathogenic effects in SARS-CoV-2-associated disease 


Source (s) of secretion 


Inflammatory mediator | in COVID-19 


Interleukin 1 Primarily 


macrophages 


Interleukin 4 and 5 T cells and B cells 


(T-helper 2 cytokines) 


Alveolar 
macrophages, 


Interleukin 6 


stromal cells, T cells, 


monocyte/ 
macrophages and 
endothelial cells 


Potential benefit in 
COVID infection 
resolution 

]. Promotes T-cell 
proliferation and 
maturation 

2. Recruitment of 
monocytes and 
lymphocytes 


1. Promotes 
antibody formation, 
B-cell maturation, 
proliferation and 
class switch 

2. Recruits basophils 
and eosinophils 


1. Recruitment of 
monocytes and 
lymphocytes 


2. Promotes CD4+ 
T-cell maturation 


3. Plasma cell 
differentiation 


Potential pathogenic role in 
COVID-19 disease 


1. Pyrogen 


References 
[14, 28, 
30-32] 


2. Cardiac hyperstimulation 
and arrhythmias 

3. Stimulation of hepatic 
acute-phase response 

4. Stimulation of pain and 
CNS receptors 

5. Macrophage activation 
syndrome 

1. Eosinophil recruitment [33-36] 
with bronchoconstriction and 

dyspnoea 


2. Viral exacerbation of 
allergic lung disease 

3. Upper respiratory tract 
symptoms including 
rhinorrhoea 

4. May predispose to more 
severe disease in certain 
groups, e.g., in pregnant 
patients 

]. Increased arterial and [13,25, 
venous thrombosis with 29, 
endothelial cell activation and | 37—43] 
dysfunction 

2. Macrophage activation 
syndrome 

3. Stimulation of release of 
toll-like receptor agonists 
with tissue damage in lung 

4. Prolongs neutrophil 
half-life in lungs 

5. Reduced numbers of T 
cells 

6. Stimulation of hepatic 
acute-phase response 

7. Stimulation of chemotaxis 
8. Control of metabolism and 
cachexia 

9. Induction of secretion of 
other cytokines 

10. Stimulation of pain and 
CNS receptors 

11. Reduced myocardial 
contractility 


(continued) 
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Table 11.1 (continued) 


Inflammatory mediator 
Interleukin 8 


Interleukin 17 


Tumour necrosis 
factor (TNF)-a 


Source (s) of secretion 


in COVID-19 


Chemokine released 
by a number of cells 
including neutrophils 


T-helper 17 cells 


Damaged epithelial 
cells, granulocytes, 
monocytes and other 
leukocytes 


Potential benefit in 
COVID infection 
resolution 

1. Phagocyte 
activation 


1. Promotes antiviral 
immune response 


2. Enhances mucosal 
barrier function 


3. Promotes 
endothelial repair 


1. Recruitment 
of monocytes and 
lymphocytes 


2. T-cell maturation 
and activation 
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Potential pathogenic role in 
COVID-19 disease 

1. Granulocyte chemotaxis 
2. Production of neutrophil 
extracellular traps 

3. Phagocyte activation 

1. Increased arterial and 
venous thrombosis with 
endothelial cell activation and 
dysfunction 

2. Reduced type 1 interferon 
production with viral 
persistence 

3. Stimulates interleukin 8 
production with neutrophil 
recruitment 

4. Stimulates triggering 
receptor expressed on 
myeloid cells (TREM-1) with 
pro-inflammatory cytokine 
production 

5. Neutrophil extracellular 
trap formation 

1. Increased arterial and 
venous thrombosis with 
endothelial cell activation and 
dysfunction 

2. Stimulation of secretion of 
pro-inflammatory cytokines 
including interleukin 6 

3. Stimulation of production 
of pro-inflammatory 
arachidonic acid mediators 
4. Stimulation of liver 
production of acute-phase 
response 

5. Quantitative and qualitative 
effects on sleep 

6. Stimulation of pain 
receptors 

7. Suppression of appetite 

8. Chemotaxis of leukocytes 
including neutrophils and 
monocytes 

9. Increased endothelial 
permeability with capillary 
leak 

10. Cell damage and 
apoptosis 

11. T-cell overactivation and 
exhaustion 


References 
[30, 44] 


[45-50] 


EK, 12, 
34, 
51-58] 


(continued) 
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Potential benefit in 


Source (s) of secretion | COVID infection Potential pathogenic role in 
Inflammatory mediator | in COVID-19 resolution COVID-19 disease References 
Pro-inflammatory Damaged epithelial ]. Upregulates ]. Promote acute-phase [16-18, 
arachidonic acid cells, monocytes, antiviral immune response 59] 


pathway mediators/ 
eicosanoids including 
prostaglandins 


macrophages and 
neutrophils 


3. Promote tissue 


healing 


inflammation seen in autoimmune pathology 
[22]. It has also been described in other coronavi- 
rus outbreaks including the SARS-CoV and 
Middle East respiratory syndrome (MERS-CoV) 
epidemics [25]. Potential risk factors for devel- 
oping the increased levels of pro-inflammatory 
mediators include rapid viral replication. and 
delayed viral clearance (with reduced or delayed 
interferon responses and T-cell lymphopaenia) 
[15, 26, 27]. Of note, levels of type 1 interferons 
(interferon o and p) which act both as autocrine 
and paracrine viral restriction cytokines are often 
reduced especially in patients requiring admis- 
sion for severe SARS-CoV-2 disease. 

Elevated levels of cytokines are also associ- 
ated with abnormal activation of immune effec- 
tor cells including macrophage activation 
syndrome (also known as secondary lymphohis- 
tiocytosis) [28]. The presence of these pro- 
inflammatory mediators appears to correlate 
with increased pulmonary tissue damage with 
features of acute respiratory distress syndrome: 
proteinaceous exudate, hyperplasia of type 2 
pneumocytes and a characteristic ‘ground-glass’ 
appearance on chest radiography [29]. If 
untreated, the cytokine release syndrome seen in 
severe SARS-CoV-2 disease is associated with 
multiorgan (and particularly pulmonary) damage 
and high mortality [11 ]. 


responses 

2. Disruption of 
viral envelop 
integrity 


2. Stimulate pain 
receptors 


3. Stimulate fever response 
4. Stimulate secretion of 
pro-inflammatory cytokines 
including IL-6 and TNF-a 

5. Activate platelets with 
increased arterial and venous 
thrombosis 

6. Bronchoconstriction 


7. Increased endothelial 
permeability and dysfunction 


In addition to the elevated pro-inflammatory 
cytokines produced during severe disease, there 
are disruptions of the cellular immune system as 
well. Monocyte/macrophages express the ACE-2 
receptor and are, therefore, permissive for SARS- 
CoV-2 infection [52]. These cells show abnormal 
levels of activation and are responsible for secre- 
tion of additional pro-inflammatory cytokines 
[52]. Neutrophils also proliferate and track to the 
lungs [60]. In the lungs, there is evidence that neu- 
trophils produce NETs. NETs are pro- 
inflammatory and prothrombotic [19, 60-66]. 
Other granulocyte subclasses (eosinophils, baso- 
phils and mast cells) appear to be elevated primar- 
ily with recovery rather than acute infection and 
may be important in controlling the pro- 
inflammatory response. Eosinopaenia has been 
described in acute severe disease, and rises in 
eosinophil counts are seen with enhanced secre- 
tion of the antiviral interferon-y [67—69]. Basophils 
are hypothesised to help to coordinate an effective 
antibody response to the infection [67]. 

Lymphopaenia remains a marker for severe 
disease. Reduced numbers of NK cells as well as 
T cells and B cells are documented in patients 
who have required admission for disease, and 
predictive models combining lymphopaenia and 
cytokine enumeration have been developed for 
prognostication [52, 60, 70-72]. In addition to 


132 


quantitative changes, functional changes have 
been described with increased expression of 
markers of cellular exhaustion (like FAS) partic- 
ularly for CD4+ T cells [34, 50, 73, 74]. 
Morphological changes seen in infection include 
increased numbers of plasmacytoid B cells and 
atypical lymphocytes [75, 76]. 


11.4 Role of Suppressing 
Inflammation in SARS-CoV-2 


11.4.1 Targeting Viral Entry 


One potential mechanism to suppress inflamma- 
tion is to target the viral entry process through the 
ACE2 receptor and the serine protease, 
TMPRSS2, which is a cofactor required for host 
entry [77]. Loss of pulmonary ACE2 function is 
associated with acute lung injury, and the SARS- 
CoV-2 infection downregulates ACE2 expression 
in the lung [78]. 

Drugs that target the ACE2 receptor or 
TMPRSS2 have been proposed as possible thera- 
peutic options. One such drug is baricitinib, a 
Janus kinase pathway (JAK-STAT) inhibitor, that 
has been approved for the treatment of rheumatoid 
arthritis [79]. Concern has been expressed because 
downregulation of the JAK-STAT pathway may 
result in suppression of viral killing [80, 81]. 

Another potential strategy is the use of 
human recombinant soluble ACE2 (hsACE2) to 
inhibit viral entry. HsACE2 has been shown to 
be well tolerated in healthy adults [82]. A phase 
2 clinical trial of hsACE2 in intensive care unit 
(ICU) patients with acute respiratory distress 
syndrome was, however, terminated following 
a number of adverse events [83]. A recent 
in vitro study has shown that hsACE2 blocks 
viral entry; however, at this time, the authors 
are not aware of any trials using it for SARS- 
CoV-2 [84]. 


11.4.2 Targeting Inflammation 


As a cytokine storm is common in critically ill 
patients and leads to clinical deterioration, a 
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Table 11.2 Anti-inflammatory agents utilised in severe 
SARS-CoV-2 infection 


Drug Effect References 

Tocilizumab IL-6 monoclonal |[87—90] 
antibody 

Gimsilumab Inhibition of [94] 

Lenzilumab GM-CSF 

Namilumab 

Sagromostin GM-CSF [93] 

Cytosorb® Adsorb cytokines | [104] 

Thalidomide Inhibits TNFa [101] 

Chloroquine or Uncertain [98—100] 

hydroxychloroquine 

Colchicine Inhibits NLRP3 [103, 
inflammasome 105] 


number of anti-inflammatory therapies have been 
used to reduce inflammation (Table 11.2). A pre- 
liminary report of the RECOVERY trial, a ran- 
domised, controlled, open-label, adaptive, 
platform trial comparing a range of possible 
treatments with standard of care in patients hos- 
pitalised with COVID-19, showed that dexa- 
methasone reduced 28-day mortality among 
those receiving invasive mechanical ventilation 
or oxygen at randomisation [85]. 

In the pathogenesis of severe COVID-19, the 
cytokine IL-6 seems to play a dominant role. 
Plasma levels of IL-6 are higher than usually seen 
in severe (bacterial) sepsis. In addition, increased 
IL-6 levels are a strong predictor of mortality, 
and IL-6 levels were found to be related to more 
severe lung injury [41]. Tocilizumab (TCZ) is a 
recombinant human IL-6 monoclonal antibody, 
which specifically binds to soluble and 
membrane-bound IL-6 receptors (IL-6R), thus 
blocking IL-6 signalling and its mediated inflam- 
matory response. TCZ was initially used in rheu- 
matoid arthritis and was later approved for the 
treatment of cytokine storm following cancer 
treatment [86]. Preliminary studies suggest that 
TCZ may be beneficial with reduced mortality 
and improved laboratory parameters in patients 
with SARS-CoV-2 who received the drug 
[87—90]. 

Anakinra is a recombinant IL-1 receptor 
antagonist that may be useful in the cytokine 
storm. Currently, anakinra is used in the treat- 
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ment of rheumatoid arthritis and in neonatal- 
onset multisystem inflammatory disease [91]. 

Granulocyte-macrophage colony-stimulating 
factor (GM-CSF) is a myelopoietic growth factor 
and pro-inflammatory cytokine which plays a key 
role in the maintenance of lung macrophage 
homeostasis and inflammation in the lung [92]. 
Both the administration and the inhibition of 
GM-CSF are currently under investigation in 
SARS-CoV-2 clinical trials [93—97]. 

In an attempt to reduce mortality, several com- 
monly used drugs have been tested to reduce 
inflammation. Chloroquine (CQ) and hydroxy- 
chloroquine (HCQ) are 4-aminoquinoline deriva- 
tives that are approved by the US Food and Drug 
Administration (FDA) for the treatment of 
malaria, systemic lupus erythematosus and rheu- 
matoid arthritis (RA). HCQ has a better safety 
profile than CQ. The exact mechanism of action 
of HCQ and effects on the immune system are 
largely unknown. It is thought that they may have 
some antiviral effect by blocking acidification in 
endosomes, lysosomes and Golgi bodies where 
they inhibit proteases and thereby viral release. 
Currently, there is limited evidence of efficacy of 
HCQ in patients with SARS-CoV-2 infection, 
and its use is associated with adverse events 
[98—100]. 

Thalidomide, which is an anti-inflammatory 
agent used to treat autoimmune disorders, was 
effective in the cytokine surge in a single patient 
in Wenzhou City, China [101]. Currently, there 
are phase 2 trials investigating its use [34, 102]. 

Colchicine, used in the treatment of gout and 
acute pericarditis, is undergoing clinical trials for 
its anti-inflammatory effects [103]. It is a non- 
specific inhibitor of the NOD-, LRR- and pyrin 
domain-containing protein 3 — (NLRP3) 
inflammasome. 


11.5 Diagnostic Application 
of Measuring Inflammation 
in SARS-CoV-2 


The gold standard for the diagnosis of SARS- 
CoV-2 is nucleic acid testing. Serological assays 
for the detection of antibodies have the potential 
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to be used in certain situations; however, as anti- 
body responses take a few days to weeks to 
develop, their utility during the acute infection is 
limited [106]. 

Given the rapid rise in SARS-CoV-2 infec- 
tions and the shortage of ICU beds, it is necessary 
to triage patients early. The evidence from the 
literature suggests that a number of laboratory 
markers may indicate more severe disease. 

Infected patients show increased white cell 
counts and decreased lymphocytes counts. The 
neutrophil lymphocyte ratio (NLR), a measure of 
the inflammatory response, is easily measured. 
Patients with severe SARS-CoV-2 have higher 
NLR than non-severe patients, and a raised NLR 
can be an indicator of disease progression and 
increased mortality [72, 107]. Both neutrophil 
and lymphocyte counts are inexpensive, routinely 
requested tests, and the utility of which should be 
investigated in resource-poor countries. 

Procalcitonin (PCT), a marker of severe 
inflammation, is produced by the parafollicular 
cells of the thyroid gland as well as by neuroen- 
docrine cells of the lungs and intestine. It rises 
mainly in response to bacterial sepsis and can be 
used to monitor response to antibiotic therapy 
[108]. A review of risk factors for severe SARS- 
CoV-2 showed that a PCT value greater than 
0.5 ng/mL was associated with increased severity 
and mortality [108]. PCT levels are higher in 
severely ill patients compared to moderately ill 
patients and highest in patients who subsequently 
die [109]. 

C-reactive protein (CRP) is produced by the 
liver in response to inflammation. It is an acute- 
phase protein induced by IL-6, and levels tend to 
track with the degree of inflammation. In patients 
with SARS-CoV-2, significantly higher CRP lev- 
els are seen in severe cases [110, 111]. Ferritin, 
another acute phase protein, is raised in SARS- 
CoV-2 patients, and albumin, a negative acute- 
phase reactant, drops with infection. Elevated 
levels of IL-6 and IL-10 are associated with 
increased disease severity along with other cyto- 
kines and may be produced earlier than acute- 
phase reactants [28]. IL-6 levels can be used to 
monitor response to TCZ therapy in clinical 
applications where this drug is available. 
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The exponential increase in SARS-CoV-2 
patients has resulted in an increase in attempts to 
identify patients at risk of severe disease and to 
identify better therapeutics. This has resulted in 
repurposing old drugs such as attempts to use 
HCQ and CQ for infected patients, as well as the 
search for newer therapies. Unlike during the 
Spanish flu in 1918, we have better diagnostic 
platforms and increased computing ability which 
may be of use. Two such examples are the use of 
machine learning algorithms using clinical symp- 
toms and signs along with CRP and haematologi- 
cal changes to predict the need for ICU admission 
and the use of proteomic signatures as disease 
classifiers [112]. 


11.6 Conclusions 


The inflammatory response to SARS-CoV-2 
appears to contribute significantly to morbidity 
and mortality. This includes production of high 
levels of pro-inflammatory cytokines and lipid 
mediators as well as derangements in cellular 
immunity. Some of these changes show promise 
as potential therapeutic targets, possible diagnos- 
tic or prognostic biomarkers or both. With addi- 
tional clinical trials, these will be further evaluated 
for potential use in this evolving pandemic. 
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Abstract 


In the continuing COVID-19 pandemic, one of 
the most important concerns in reproductive 
health is the issue of male fertility of recovered 
patients. In this study, we discuss the potential 
mechanisms that justify the possible impact of 
COVID-19 on male fertility. The main point of 
entry of SARS-CoV-2 into the host cells 
appears to be through the viral spike protein 
which permits entry into cells via the angioten- 
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sin-converting enzyme 2 (ACE2 receptor). In 
human testes, ACE2 is enriched in Sertoli and 
Leydig cells and spermatogonia. Also, it seems 
that there is a mild or severe cytokine storm in 
patients with severe COVID-19, and such 
changes may affect fertility. It should also be 
mentioned that the orchitis caused by the 
SARS-CoV-2 virus may have an important 
impact on fertility. Prolonged and high fever 
may lead to changes in testicular temperature 
and destroy germ cells. In general, there is little 
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evidence for a definite conclusion, but there are 
facts that suggest that COVID-19 may affect 
male fertility. It is prudent for men of reproduc- 
tive age who have recovered from COVID-19 
to be evaluated for the presence of the virus in 
semen and fertility-related items. There is an 
urgent need to conduct quality studies on, in 
particular, the long-term effects of COVID-19 
on the fertility of recovered males. 


Keywords 


ACE2 - Angiotensin-converting enzyme 2 - 
Male fertility - SARS-Cov-2 - Testis 


12.1 Introduction 
As of June 29, 2020, coronavirus disease 2019 
(COVID-19) has been confirmed in 10,021,401 
cases worldwide, with 499,913 deaths [1]. The 
SARS-CoV-2 virus that cause COVID-19 disease 
first appeared to affect the respiratory system, but 
later, it was found that it could affect other organs in 
the body, such as the cardiovascular and urogenital 
systems, gastrointestinal tract, and brain [2-6]. 
Recently, attention has been paid to the pos- 
sible effects of the SARS-CoV-2 on the repro- 
ductive system. Scientific evidence suggests that 
in some viral diseases, there is a potential of 
spread to the semen in males. Twenty-seven 
viruses, including the Zika virus, have been 
identified to date with this capability [7]. The 
Zika virus was also found to remain in the semen 
of asymptomatic men for up to 1 year after 
recovery [8]. Factors such as the reproductive 
system immune response, alterations of the 
blood-testis barrier by inflammatory mediators, 
systemic immunosuppression, and viral stability 
can affect viral shedding into the semen [7]. 
However, the possibility that COVID-19 infec- 
tion affects male fertility in this manner has not 
been adequately addressed. Also, viruses such as 
human immunodeficiency virus, mumps virus, 
hepatitis B and C viruses, Epstein-Barr virus, 
papillomavirus, and SARS-CoV have been 
shown to cause viral orchitis, which in turn may 
threaten male fertility [9, 10]. These findings 
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suggest the need for andrological consultation 
and evaluation of gonadal function for male 
patients affected by COVID-19 disease [11]. 

In this study, we have reviewed the potential 
mechanisms that justify the possible impact of 
COVID-19 disease on male fertility and present 
the evidence that has led to these conclusions. 


12.2 The Role of Angiotensin- 
Converting Enzyme 2 


The SARS-CoV-2 virus shares 77% amino acid 
sequence identity with SARS-CoV, which caused 
a severe respiratory epidemic in 2002-2004. In 
addition, the spike proteins have similar three- 
dimensional structures in the receptor-binding 
domain. Like most viruses, coronaviruses that 
cause SARS and COVID-19 bind to host cell 
receptors, followed by endocytotic entry of the 
virus into the cells, genome proliferation, exocy- 
tosis, and budding. The main point of entry of 
SARS-Cov-2 into the cell appears to be through 
the viral spike protein attached to the human 
ACE2 receptor and the cellular transmembrane 
serine protease 2 (TMPRSS2) (Fig. 12.1) [12, 
13]. Both SARS-CoV-2 and SARS-CoV bind to 
the ACE2 receptor although SARS-CoV-2 binds 
with approximately 20-fold greater affinity. This 
more efficient attachment could explain the more 
potent effects and interpersonal transmission of 
the SARS-CoV-2 virus [14, 15]. 

Both ACE2 and ACEI are components of the 
renin-angiotensin system (RAS), a hormonal net- 
work that regulates blood pressure as well as 
fluid balance in the body [16, 17]. Renin is 
secreted by the juxtaglomerular apparatus in 
response to renal hypoperfusion and converts 
angiotensinogen (produced by the liver) into 
ACEI which in turn is converted to ACE2 by the 
ACE enzyme [18]. ACE2 helps to maintain blood 
pressure due to its role in vasoconstriction [19]. 
ACE2 also stimulates the secretion of aldoste- 
rone from the cortical part of the adrenal gland. 
Aldosterone increases the absorption of sodium 
and water from the renal tubules. RAS over- 
activation leads to high blood pressure due to 
accumulation of water and sodium and the asso- 
ciated increased intravascular volume [20]. RAS 
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Fig. 12.1 Mechanism 
of SARS-CoV-2 entry 
into host cell 
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also has extra cardiovascular functions in organs 
such as the pancreas and reproductive system 
[21, 22]. In reproductive tissues, angiotensinogen 
has an autocrine/paracrine origin. There is evi- 
dence that the RAS plays a role in tubular con- 
tractility, spermatogenesis, sperm maturation, 
capacitation, acrosomal exocytosis, and fertiliza- 
tion [23]. 

ACE2 is a zinc-containing metalloprotease 
and a type | single-pass transmembrane protein, 
with its active domain located on the outer sur- 
face of endothelial cells, pneumocytes, and other 
cells. The extracellular domain of ACE2 is bro- 
ken down by another enzyme called sheddase, 
and the resulting water-soluble protein is released 
into the bloodstream and excreted in the urine. 
The N-terminal peptidase domain of ACE2 is the 
target site for SARS-CoV [24, 25] and poten- 
tialy SARS-CoV-2 [26] binding. Based on 
immunohistochemical analysis, Hikmet et al. 
showed that the extrapulmonary organs with high 
levels of ACE2 expression includes intestinal 
microvilli, renal proximal tubules, gallbladder 
epithelium, Sertoli and Leydig testicular cells, 
glandular seminal vesicle cells, and cardiomyo- 
cytes [27]. It does not appear to be highly 
expressed in some organs such as the spleen, thy- 
mus, lymph nodes, and bone marrow [28, 29]. 

ACE2 activity appears to counteract and mod- 
erate that of ACE] [26]. ACE] breaks down 


Cell membrane 


Host cell 


angiotensin | and converts it to angiotensin 2, 
which constricts the arteries. ACE2 removes the 
amino acid phenylalanine from angiotensin 2, 
converting it to angiotensin 1—7, which dilates 
blood vessels. 


12.3 The Testis as a Site 
for the ACE2 Receptors 


ACE2 1s highly expressed in testicular cells [30]. 
According to the evidence, both seminiferous 
ducts and Leydig cells showed high levels of 
ACE2 expression. Therefore, testicular cells 
appear to be potential targets for the SARS- 
CoV-2 virus. The findings of some studies have 
shown that expression of ACE2 in the testis is 
limited to Leydig cells in mice and Leydig and 
Sertoli cells in humans. These studies also sug- 
gested the principal role for ACE2 in controlling 
testicular function, possibly via regulation of ste- 
roidogenesis, or some other Leydig cell function 
[16, 31, 32]. 

Similar to ACE2 expression pattern, the angio- 
tensin 1—7 receptor Mas mRNA is located in the 
Leydig and Sertoli cells, with greater abundance 
in the Leydig cells [33]. In animal models, Mas 
plays an important role in regulating androgen 
metabolism in the male reproductive system, and 
the Mas deficiency affects the expression of 
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enzymes involved in testosterone biosynthesis in 
Leydig cells [34]. 

Wang et al. showed that in human testes, 
ACE2 is enriched in Sertoli and Leydig cells and 
spermatogonia, the cells produced at an early 
stage in spermatozoa genesis. Gene Set 
Enrichment Analysis (GSEA) showed that Gene 
Ontology (GO) categories associated with viral 
reproduction and transmission are enriched in 
ACE2-positive spermatogonia. Cell-cell binding 
and immunity-related processes are higher in 
Leydig and Sertoli cells expressing ACE2. 
Together, these findings support the possibility 
that the human testis is a potential target for 
SARS-CoV-2 infection [35]. 

The main function of Leydig cells is to pro- 
duce sex hormones, especially testosterone. The 
presence of Mas receptors may indicate a modifi- 
cation in testosterone secretion by angiotensin 
1-7. The involvement of Sertoli and germ cells 
can also be justified by the presence of Mas 
receptors and angiotensin 1—7 in the seminifer- 
ous tubules [36]. 


12.4 Role of Cytokines in Male 
Fertility 


Systemic inflammatory response syndrome is a 
condition that affects the whole body as a 
response against any infectious or noninfectious 
insult. Despite the name, both proinflammatory 
and anti-inflammatory responses are involved in 
the pathogenesis. One subtype of this response 
has been termed cytokine release syndrome, and 
some evidence suggests the occurrence of a mild 
or severe “cytokine storm" in patients with severe 
COVID-19 disease [37]. There is compelling evi- 
dence that interleukin 6 (IL6), as an important 
anti-inflammatory cytokine in the testicular 
immune system, can disrupt the integrity of the 
blood-testicular barrier in animal models 
(Fig. 12.2) [38, 39]. 

IL6 inhibits protein degradation or activates 
phosphorylated extracellular signal-regulated 
kinase in Sertoli cells. Through the Zfp637 tran- 
scription factor, it can directly affect spermatogo- 
nia and, therefore, interferes with the 
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differentiation or destruction of germ cells [40]. 
Xu et al. found that in SARS-CoV infection, the 
inflammatory cells could interfere with the func- 
tion of Leydig cells and inhibit testosterone 
production and destroy the seminiferous tubules. 
An autoimmune response and antibody forma- 
tion in the seminiferous tubules could also be 
caused by the abnormal presence of cytokines 
[9]. Together, these findings suggest that altera- 
tions in the cytokine profile may be the underly- 
ing mechanism by which COVID-19 disease 
affects male fertility. 


12.5 Orchitis Induced by 
COVID-19 


One of the concerns of COVID-19 disease on 
male fertility is viral orchitis particularly in 
patients who are within the reproductive age 
range. Orchitis is defined as an inflammation of 
the testis. Increased incidence of orchitis, 
infertility, and testicular tumors were reported as 
complications in several studies of the 2002- 
2004 SARS outbreak [9]. 


12.6 Other Concerns 


According to the evidence obtained so far in 
adults, the most common clinical symptom of 
COVID-19 is fever [41]. This is important as 
germ cell growth occurs ideally below 37 ?C, 
and prolonged fever may lead to changes in tes- 
ticular temperature and destroy germ cells. In 
line with this, previous studies have reported that 
fever leads to meiotic germ cell apoptosis [42]. 
Some studies of SARS-CoV have shown that 
fever may have an indirect effect on testicular 
function [9]. A study of prolonged fever in SARS 
infection reported mild fibrosis and testicular 
congestion without loss of germ cells or leuko- 
cyte infiltration. Besides, the treatment of 
COVID-19 with steroids can also affect sper- 
matogenesis. Gao et al. found that corticosteroid 
exposure caused apoptosis in male rat testicular 
Leydig cells, potentially reducing testosterone 
levels [43]. Similarly, dexamethasone treatment 
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Fig. 12.2 Impact of inflammatory cytokines on male fertility 


resulting in low testosterone levels has been 
reported [44]. 


12.7 Evidence So Far 


To date, a few studies, some of which were not of 
high quality, have been performed on the pres- 
ence of the SARS-CoV-2 in semen or biopsies 
taken from the male reproductive system in 
COVID-19 patients. Pan et al. believed that 
although their findings did not show the presence 
of the SARS-CoV-2 virus in semen, they could 
not definitively rule out the presence of the virus 
in the seminal fluid during the acute infection 
phase [45]. Li et al. reported that 6 of 38 patients 
had positive results for SARS-CoV-2 in semen 
samples, including 4 of 15 patients who were at 
the acute stage of infection and 2 of 23 patients 
who were in the recovery phase [46]. A postmor- 
tem examination of the testes from 12 COVID-19 
male patients showed that in one case, the SARS- 


CoV-2 was detected in the semen [5]. However, 
due to fibrovascular tissue and few seminiferous 
tubules, the authors were not sure whether the 
virus was detected in the blood or the testes. 
Sertoli cells showed swelling, vacuolation, and 
cytoplasmic rarefaction, detachment from tubular 
basement membranes, and loss and sloughing 
into the luminal space of the intratubular cell 
mass. The mean number of Leydig cells in 
COVID-19 testes was significantly lower than in 
the control group. In the interstitium, there was 
edema and mild inflammatory infiltrates com- 
posed of T lymphocytes and histiocytes. Two 
studies did not detect the presence of SARS- 
CoV-2 RNA in semen samples of male patients 
recovering from COVID-19 [47, 48]. In the stud- 
ies by Holtmann et al. [47] and Pan et al. [45], 
some of the patients had testicular discomfort at 
the time of COVID-19 confirmation, which 
raised the issue of orchitis. The findings of 
another study carried out in China showed that in 
male patients with COVID-19 disease, the level 
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of serum luteinizing hormone was significantly 
increased, but the ratio of testosterone or follicle- 
stimulating hormone to luteinizing hormone was 
dramatically decreased [49]. 


12.8 Conclusions 


The little evidence that is available suggests that 
COVID-19 disease may affect male fertility. 
The host receptor, ACE2, is present in human 
testis. The cytokine storm induced by severe 
COVID-19 infection cases may affect the func- 
tion of testicular cells and the production of tes- 
tosterone. In addition, reports of orchitis have 
been published following SARS-CoV-2 infec- 
tion, which can also affect male fertility and 
high and persistent fever may disrupt the pro- 
duction of germ cells. Finally, corticosteroid 
therapies can cause Sertoli cell apoptosis and 
lower testosterone levels. It is prudent in repro- 
ductive-aged men who have recovered from 
COVID-19 disease to be evaluated for the pres- 
ence of the virus in semen and other fertility- 
related body tissues. Of highest importance, 
there is an urgent need to conduct quality stud- 
ies on the long-term effects of COVID-19 infec- 
tion on the fertility of recovered males. This 
may require several years of follow-up studies 
to obtain a definitive answer. 
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Abstract 


The novel corona virus 2019 (COVID-19) 
outbreak which started in Hubei province in 
China has now spread to every corner of the 
earth. While the pandemic started later in 
Africa, it is now found in all African countries 
to varying degrees. It is thought that the preva- 
lence and severity of disease is influenced by a 
number of non-communicable diseases 
(NCDs) which are all becoming increasingly 
prevalent in sub-Saharan Africa (SSA). In 
addition, SSA bears the major burden of 
human immunodeficiency virus (HIV) and 
tuberculosis (TB) infections. While data from 
Europe and the United States show that chil- 
dren are spared severe disease, it is uncertain 
if the same holds true in SSA where children 
suffer from sickle cell disease and malnutri- 
tion in addition to other infectious diseases. 
There is limited data from Africa on the effects 
of these conditions on COVID-19. In this 
review, we discuss the epidemiology of some 
of these conditions in Africa and the possible 
pathogenesis for the interactions of these with 
COVID-19. 
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13.1 Introduction 

On the 11th of March 2020, the World Health 
Organization (WHO) declared COVID-19, which 
is caused by the novel severe acute respiratory 
syndrome (SARS) corona virus 2 (SARS-CoV-2), 
a pandemic [1]. The first case of COVID-19 in 
sub-Saharan Africa (SSA) was reported in 
Nigeria in January 2020 [2]. Initially, cases were 
imported from other countries; however, as with 
the rest of the world, local transmission has taken 
over with more than 844,542 infected people in 
Africa to date and 17,682 deaths reported [3]. 
Initial reports of ethnically homogenous popula- 
tions from China suggested that key risk factors 
for severity include age, male sex, and non- 
communicable diseases (NCDs) such as cardio- 
vascular disease, hypertension, and diabetes 
mellitus (DM) [4, 5]. More recent data from the 
United Kingdom and the United States show that 
black and other ethnic minorities are at increased 
risk for acquiring the infection and are also at 
increased risk of poor outcomes [6]. This has 
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been attributed to increased prevalence of comor- 
bidities as well as cultural and socioeconomic 
factors. 

While the numbers of cases and mortality in 
Africa are relatively low, compared to the West, 
there are fears that African populations may be 
more vulnerable to severe disease. This is because 
of the burden of infectious diseases like tubercu- 
losis (TB) and human immunodeficiency virus 
(HIV) with an increasing burden of NCDs. 

Vulnerable people are those that are dispro- 
portionately exposed to risk, and these groups 
may differ in different regions of the world, 
depending on disease burden, age structure, as 
well as health systems and policy. Across the 
globe, older people were shown to be more vul- 
nerable to more severe outcome from COVID-19 
[4, 7]. Africa has a young age structure, with 
about 60% of the population below the age of 
25 years [8]. While this may be a protective fac- 
tor for severe disease and mortality, it is uncertain 
how infectious comorbidities and malnutrition 
will affect the disease course. At the same time, 
the number of people aged 60 and above is 
increasing at a faster rate than in the developed 
world [9]. 

The rapid but poorly organized growth of cit- 
ies and movement of people from rural to urban 
areas expose the population to diseases of life- 
style such as overweight and obesity which are 
major determinants for hypertension, stroke, and 
DM [10]. The Global Burden of Diseases Study 
2017 reported that a large amount of the NCD 
burden is due to cardiovascular disease and DM, 
and the prevalence of these differs by age and by 
region [11]. While publications on COVID-19 
have exploded, there is limited data on the situa- 
tion in Africa. Data on hospital admissions for 
10,710 COVID-19 patients from the National 
Institute for Communicable Diseases (NICD) of 
South Africa shows that the median age of 
hospital admission for COVID-19 was 50 years. 
Fifty-four percent (5,778/10,700) of admissions 
were female. Among 8,245 (77%) patients with 
data on comorbid conditions, the most commonly 
reported were hypertension (3,419; 5996) and 
DM (2,813; 48%). There were 1,116 (19%) 
patients admitted with HIV, 240 (496) with active 
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TB, and 579 (10%) patients with previous history 
of TB. Obesity, while not consistently recorded 
for all reported COVID-19 admissions, was noted 
by clinicians as a risk factor in 297 (396) patients 
[12]. 

In this review, we will discuss the epidemiol- 
ogy of obesity, DM mellitus, hypertension, HIV, 
and TB in Africa and the factors that predispose 
individuals with these comorbidities to severe 
COVID-19. We will further explore risk factors 
in African children that may predispose them to 
severe disease. 


13.2 Obesity 


A pooled analysis of population-based studies 
has shown that body mass index (BMI) has 
increased in African men and women over time 
with increases above the global average seen in 
Northern and Southern Africa [13-15]. The prev- 
alence of obesity is higher in urban compared to 
rural populations, with marked differences noted 
across the continent [13, 16]. For example, in a 
study that compared BMI across four SSA coun- 
tries, the prevalence of obesity and overweight in 
women from Soweto, South Africa, was 66% 
compared to 1.3% for women from Nanoro, 
Burkina Faso [17]. The same study also showed 
that the prevalence of obesity was greater in 
women than in men, ranging from 42.3—66.6% in 
women to 2.81—17.5% in men. This rise in obe- 
sity is at least partly responsible for the increas- 
ing burden of NCDs on the continent. 

Several studies and meta-analysis have shown 
that increasing BMI is associated with more 
severe outcomes in COVID-19-infected patients 
[18-21]. For example, a retrospective analysis of 
92 consecutively admitted patients with COVID- 
19-related pneumonia observed that more 
patients with overweight and obesity required 
mechanical ventilation and admission to inten- 
sive care units (ICUs). These patients were also 
younger than normal weight patients. This 
increased risk remained even after adjusting for 
age, sex, and comorbidities [22]. The increased 
severity of disease is seen in both overweight and 
in obese hospitalized patients [22-24]. It is 


13 COVID-19 and Vulnerable Populations in Sub-Saharan Africa 


thought that obesity may not only predispose to 
severe infection, but it may also predispose to 
acquiring COVID-19. Surveillance data from 
Mexico showed that proportionately more people 
who tested positive for COVID-19 were obese 
than those who tested negative [24]. Using 
New York City (NYC) data, El Chaar et al. sought 
to determine if the increased mortality seen in 
ethnic minorities was related to BMI. They 
looked at age adjusted mortality rates for the dif- 
ferent NYC boroughs. Both the Bronx and 
Brooklyn were found to have the highest mortal- 
ity rates (6.0%, 5.4%) and obesity rates at 32% 
and 27%, respectively. Hispanic and blacks had 
the highest obesity rates and were also found to 
have the highest age-adjusted mortality rates per 
100,000 compared with the other ethnic groups 
[25]. 

The evidence for impaired immunity in obe- 
sity was seen with previous influenza outbreaks 
which showed worse outcomes with obesity [26]. 
Furthermore, obese individuals have high rates of 
vaccine failure [27]. The pathophysiology of 
COVID-19 infection involves an aggressive 
inflammatory response due to both the viral 
infection and the subsequent host response. 
Obesity itself induces a chronic inflammatory 
state which causes metabolic changes as well as 
immune dysfunction. The chronic inflammation 
of obesity is driven by adipose tissue hypertrophy 
and subsequent apoptosis with release of inflam- 
matory cytokines such as interleukin (IL)-6, IL-8, 
and monocyte chemoattractant protein-1 (MCP- 
1) as well as adipokines like leptin [28]. These 
cytokines lead to an inflammatory cellular infil- 
trate [29]. Furthermore, these inflammatory cells 
themselves release cytokines which increase 
leptin, which is pro-inflammatory, and reduce 
adiponectin, an anti-inflammatory adipokine. 
Leptin also affects endothelial function, with 
impaired production of nitric oxide (NO) and 
increased circulating plasminogen activator 
inhibitor-1 (PAI-1), thus predisposing to throm- 
botic disease [30]. In addition to the alterations in 
the innate immune system, cellular immunity is 
affected with reduced numbers of naive CD4 T 
cells and the more pro-inflammatory Thl7 and 
Th22 cells present [31]. Obese individuals have a 
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greater prevalence of comorbidities like hyper- 
tension, DM, and kidney disease. Other factors 
are thought to be responsible for the increased 
severity and mortality associated with obesity in 
COVID-19 patients including impaired respira- 
tory mechanics, increased airway resistance, and 
impaired gas exchange, as well as other patho- 
physiological features of obesity, such as low 
respiratory muscle strength and lung volumes 
[32] (Fig. 13.1). 


13.3 Hypertension 


The global prevalence of hypertension is about 
31.1% (CI, 30.0—32.296) [33]. The prevalence is 
highest in Africa at 46%, with a relatively young 
group affected (mean age range: thirties to the 
forties). Less than 10% of those affected are on 
treatment [34]. A systematic review on the preva- 
lence of underlying disease in COVID-19 hospi- 
talized patients noted that hypertension was the 
most prevalent comorbidity found in 16.4% of 
cases [35]. However, it is difficult to draw any 
conclusions as there was significant heterogene- 
ity across studies. The association between 
hypertension and COVID-19 may be a reflection 
of the community prevalence or it may be because 
hypertension is more common in older people 
and age tracks with other comorbidities like obe- 
sity and DM. However, a meta-analysis of 30 
studies on COVID-19 and hypertension showed 
that hypertension was associated with disease 
severity, ICU admission, and mortality, and this 
was not influenced by age, DM, or chronic 
obstructive pulmonary disease [36]. 
Hypertension could predispose to COVID-19 
via a number of mechanisms. It could be via 
effects on the immune system, treatment related, 
or co-incidental due to the increased prevalence 
in the older population. There is some evidence 
to suggest that alterations in innate and acquired 
immunity play a role in the pathogenesis of 
hypertension via the effect of inflammation on 
vascular remodeling and subsequent end organ 
damage [37, 38]. Another potential role is via the 
angiotensin-converting enzyme 2 (ACE-2) recep- 
tor which is used for viral entry. Theoretically, 
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Fig. 13.1 Possible mechanisms by which obesity impacts COVID-19 severity 


increased ACE-2 expression may be deleterious 
for COVID-19 infected patients. It is postulated 
that the use of renin angiotensin system (RAS) 
inhibitors may alter ACE-2 expression leading to 
increased virulence. ACE-2 displays consider- 
able homology with angiotensin-converting 
enzyme (ACE). Unlike ACE, ACE-2 does not 
convert angiotensin I to angiotensin II, and ACE 
inhibitors (ACE1) do not block its activity. So the 
use of these is unlikely to affect virulence [39]. 
Angiotensin II receptor blockers (ARBs) on the 
other hand have been shown to upregulate 
ACE-2 in animal studies, but several observa- 
tional clinical studies have not shown increased 
mortality in patients on ARBs [40, 41]. For 


example, a study from the Hubei Province in 
China that compared COVID-19 hypertensive 
patients on ACEi or ARBs to those on other 
hypertensives drugs showed that while blood 
pressure control was similar in both groups, those 
on ACEis and ARBs had lower concentrations of 
inflammatory markers [42]. A retrospective anal- 
ysis from NYC of antihypertensive treatment and 
the likelihood of a COVID-19-positive test or 
disease severity showed that there was no asso- 
ciation between class of medication used and 
likelihood of a positive test or disease severity 
[43]. Local data shows that only 27% of people 
with hypertension are aware of their status, on 
average only 18% are on treatment, and about 7% 
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have controlled blood pressure [44]. The reasons 
for this are multifactorial, including the alarming 
prevalence of obesity, absent or poor primary 
healthcare services, lack of medication, poor 
compliance, and poverty. Many of these factors 
also increase the risk of acquiring COVID-19 and 
of severe disease. 


13.4 Diabetes Mellitus 


SSA carries most of the DM burden compared to 
the rest of the continent with more than 19 mil- 
lion people currently estimated to have DM. The 
impact of DM and COVID-19 in this region is 
difficult to measure given that >60% are thought 
to be undiagnosed and many are unaware of their 
condition [45, 46]. 

Review of the data from past outbreaks like 
SARS coronavirus (SARS-CoV), Influenza A 
(HINI), and Middle East Respiratory Syndrome 
coronavirus (MERS-CoV) suggests an increased 
morbidity and mortality associated with DM 
[47]. Following the HINI outbreak in 2009, a 
Canadian study of 239 patients with HINI influ- 
enza showed that patients with diabetes were 
more likely to require hospitalization and had 
increased odds for ICU admission [48]. 

Descriptive case series for diabetes and 
COVID-19 have reported varying prevalences of 
diabetes ranging from 5.3% to 58% of cases [47]. 
The prevalence varies according to national prev- 
alence and age. It has been shown to be higher in 
older people. It is uncertain if diabetes predis- 
poses to COVID-19 infection as the prevalence 
reported in some studies is similar to the national 
prevalence. For example, a meta-analysis of 
Chinese patients with COVID-19 reported a DM 
prevalence of 10.3% which was comparable to 
the 10.9% national prevalence [49]. Similarly, an 
Italian study found a prevalence of 8.996 in their 
COVID-19 population compared to a prevalence 
of 11% among similar aged individuals in the 
general population from the same region [49]. 
Data from an International Consensus reported 
by Caballero et al. suggests that diabetes predis- 
poses to increased disease severity and mortality. 
In China, 5.3% of the total population were peo- 


ple living with diabetes (PLWD); however, the 
COVID-19 mortality was  disproportionately 
higher (7.396) compared to those without comor- 
bidities (<1%) [45]. Increased risk of progression 
to severe disease and increased mortality have 
been reported across the globe [7, 50, 51]. 

In the case series of the first 100 patients seen 
at a designated COVID-19 hospital in Gauteng 
South Africa, 52 patients were found to have at 
least one coexisting medical condition. The most 
seen comorbidities were hypertension (n=31.3) 
and diabetes (n=18). Although they were unable 
to measure the BMI in all patients, they described 
47% of patients as having an endomorphic phe- 
notype [52]. 

The underlying reasons for the relationship 
between COVID-19 and DM are likely to be mul- 
tifactorial and associated with many of the vul- 
nerabilities of diabetes like older age, increased 
BMI, and metabolic dysfunction. The bidirec- 
tional relationship between COVID-19 and dia- 
betes further complicates our understanding. 
While the presence of diabetes is considered to 
confer a greater risk of acquiring severe infec- 
tion, COVID-19 is considered to have diabeto- 
genic effects. It is implicated in either new onset 
DM or increasing risk of metabolic complica- 
tions of DM [53]. Poorly controlled DM impairs 
the immune response to infection, which can pre- 
dispose to the development of COVID-19 [54]. 
At the same time, SARS-CoV-2 may play a role 
in worsening glucose control and hyperglycemia, 
even in patients without underlying DM due to its 
action of the ACE-2-dependent damage of pan- 
creatic islet cells [55]. 

The increased risk of developing poorer out- 
comes has been related to the chronic inflamma- 
tory state associated with hyperglycemia and 
insulin resistance [55]. The pro-inflammatory 
state 1s associated with increased glycosylation 
end products (AGEs), pro-inflammatory cyto- 
kines, oxidative stress, and adhesion molecules. 
This might facilitate the cytokine storm impli- 
cated in disease severity and mortality [55]. DM 
is also associated with a prothrombotic state and 
increased plasminogen which has been hypothe- 
sized to increase the virulence of SARS-CoV-2 
[54]. 
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Animal and human models have demon- 
strated increased expression of serum ACE-2 
in DM, which is being touted as a potential 
predisposing factor for COVID-19 [56]. 
Evidence of ACE-2 expression in the islet cells 
of the pancreas suggests that SARS-CoV-2 
enters islets using ACE-2 as its receptor and 
damages the cells causing acute DM [57, 56]. 
Furin, a membrane protease, has been shown to 
be increased in DM and has now consequently 
been implicated in the replication of SARS- 
CoV-2 [56]. 


13.5 Kidney Disease 


Chronic kidney disease (CKD) is the end result 
of many infections and non-communicable dis- 
eases and is an independent risk factor for death 
from cardiovascular disease. Consequently, there 
is concern about the increase of prevalence of 
CKD, estimated to range between 8% and 16% 
globally [58]. Its prevalence in Africa was 
reported as 10.7% (CI 9.9-11.7), with regional 
differences noted [59]. The kidney is one of the 
main organs affected by COVID-19 infection. A 
cross-sectional analysis of primary healthcare 
data from the United Kingdom showed that CKD 
was independently associated with a positive test 
for SARS-CoV-2 [60]. South African surveil- 
lance data showed that among hospital admis- 
sions, reporting comorbid conditions, 7.5% had 
CKD [12]. 

Much less is known about acute kidney injury 
(AKI) in Africa. The reported prevalence varies 
from 1.9% of all admissions to 20% of medical 
admissions [61, 62]. The possible reason given is 
that renal function is not measured routinely in 
many hospitals. The main causes of AKI are sep- 
sis, infections such as malaria and HIV, diarrheal 
diseases, use of nephrotoxic substances, and AKI 
in pregnancy. A meta-analysis of AKI in 
COVID-19 patients showed that the incidence 
rate was almost 10%, similar to the incidence rate 
in community acquired pneumonia [63]. The rate 
in critically ill patients may be much higher, and 
AKI in COVID-19 is an independent risk factor 
for mortality [64, 65] 
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One of the postulated mechanisms for kidney 
injury is direct injury due to the virus. The kid- 
neys have higher ACE-2 expression than the 
lungs [66]. Postmortem examinations of kidney 
tissue from six patients showed severe acute 
tubular necrosis and lymphocyte infiltration as 
well as the presence of the nucleocapsid protein 
[67]. Other possible mechanisms are sepsis fol- 
lowing the cytokine storm, AKI due to volume 
depletion, and rhabdomyolysis. A picture of col- 
lapsing focal segmental glomerulosclerosis was 
described in two African-Americans, with high- 
risk apolipoprotein L1 (APOLI) genotype. 
Africans homozygous for APOL ] are at increased 
risk for HIV-associated kidney disease and may 
also be at increased risk for kidney injury associ- 
ated with COVID-19 disease [68, 69]. 


13.6 HIV and TB 


Globally, the number of people living with HIV 
(PLWH) is estimated to be 37.9 million [70]. 
Furthermore, HIV is among the most significant 
contributors to disease burden in Africa with an 
estimated 3.9% of adults being affected. At pres- 
ent, the interaction of HIV with COVID-19 co- 
infection is uncertain and incompletely described 
but warrants further understanding in context of 
the high prevalence of HIV. There is concern that 
PLWH may be at increased risk for COVID-19 
due to overall immunosuppression. 

A number of studies suggest that PLWH 
who develop COVID-19 do not have more 
severe disease (Table 13.1). For example, an 
observational study aimed at describing 
COVID-19 in HIV-infected persons by Vizcarra 
et al. reviewed data of 2,873 PLWH in Madrid, 
Spain. Of 51 cases (35 laboratory confirmed 
and 16 suspected), they found no significant 
difference in age and CD4 count between 
COVID-19 and non-COVID-19 individuals. 
Their findings corroborated the higher risk con- 
ferred by comorbidities with 32 (63%) of 
COVID-19-affected individuals displaying at 
least one comorbidity (predominantly DM and 
hypertension). Clinical and radiological pre- 
sentation was similar to that of the general pop- 
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Table 13.1 Studies that have reported on HIV and COVID-19 
N(total)n(HIV 
with 
Study type/country COVID-19) Findings References 
Observational/Spain 2873/51 No difference in age or CD4 between HIV with COVID [71] 
and HIV without COVID. 
No differences in clinical or radiological presentation 
Retrospective/Italy 6000/47 Younger than HIV negative/COVID-19 positive. [72] 
No difference in outcomes 
Case series /Germany 33 No evidence for excess mortality among virologically [74] 
suppressed PLWH 
Retrospective/S Africa 100 79% Black [52] 
HIV 11% 
No difference in HIV prevalence between symptomatic 
and asymptomatic 
Case series/UK 18 17(94%) black [80] 
Lower CD4 counts than HIV positive/COVID-19 
negative 
Case series/US 6 Four out of six died from ARDS or septic shock [82] 
Virologically suppressed 
Inverse relationship between CD4 and death 
Retrospective review of 12522 HIV 18% in COVID-19 positive vs. 16% in COVID-19 [12] 
public sector patient data |COVID negative 


/S Africa 


Increased risk for death among HIV positive compared to 


HIV negative, after adjusting for comorbidities. Increased 
risk regardless of treatment with ARVs or of viral 


suppression 


ulation [71]. An Italian study of 47 HIV-positive 
COVID-19 probable or proven cases noted that 
the HIV-positive group were about 10 years 
younger than the HIV-negative group, although 
they did not appear to have increased risk of 
severe disease or death. Most of the patients 
were virologically suppressed with acceptable 
immunological function [72]. Similar findings 
have been reported by other investigators [73, 
74]. Some investigators attributed these find- 
ings to a possible protective effect of protease 
inhibitors [75]. In vitro studies have shown that 
protease inhibitors are involved in the activa- 
tion of envelope glycoproteins used for viral 
entry [76]. However, based on the evidence 
available, a recent systematic review concluded 
that it is uncertain that anti-retroviral drugs pre- 
vent SARS-CoV2 infection or improve clinical 
outcomes [77]. It has also been suggested that 
PLWH might be at decreased risk for complica- 
tions of COVID-19 due to their defective cel- 
lular immunity which reduces the possibility of 
the cytokine dysregulation (storm) that is asso- 


ciated with poorer outcomes and more severe 
cases of COVID-19 [78]. 

As these are largely case series of hospital- 
ized patients, caution should be applied when 
interpreting the results. The numbers are small, 
and not all hospitalized patients were tested for 
HIV. As shown in Table 13.1, there are also stud- 
ies that show increased morbidity and mortality. 
Patients with moderate or severe COVID-19 
infection have reduced numbers of CD4 and 
CD$ T cells, and immune deficiency caused by 
both infections may result in poorer outcomes 
[79]. A UK study of hospitalized PLWH with 
confirmed COVID-19 reported a substantially 
increased risk of morbidity and mortality. The 
study group comprised predominantly black 
males, with longstanding HIV patients who were 
virologically suppressed. When compared to the 
overall HIV-positive population, those with 
COVID-19 were more likely to be black and 
have a lower CD4 count. In this study, ARVs did 
not provide protection against moderate or 
severe COVID-19 [80]. The major significance 
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of this study was the reporting of ethnicity and 
associated risk which is particularly relevant in 
an African context. Similarly, a US study of nine 
hospitalized patients with HIV and COVID-19 
showed a mortality rate of 94%. Seven out of 
nine patients were male, they had multiple 
comorbidities, and all were virally suppressed. 
The study reported an inverse relationship 
between CD4 count and mortality rate [80]. 
Furthermore, the cytokine storm associated with 
acute respiratory distress syndrome (ARDS) in 
COVID-19 infection is characterized by very 
high levels of IL-6, IL-2R, IL-10, and interferon 
(IFN)-y [79]. Higher IL-6 levels are also seen in 
HIV patients who are older and have a higher 
BMI and lower nadir CD4 counts. It remains to 
be determined if preexisting high pro- 
inflammatory cytokine concentrations predis- 
pose people to more severe disease. This might 
not only infer a higher risk of co-infection with 
SARS-CoV-2 but also suggests the potential risk 
for other opportunistic infections in patients with 
HIV during co-infection [81]. Another mecha- 
nism for poorer outcome and more severe dis- 
ease might be due to HIV-related lymphopenia. 
This produces an inadequate T-lymphocyte 
response to SARS-CoV-2, poor viral clearance, 
and disease progression [82]. Finally, PLWH 
have increased comorbidities, including an 
increased BMI, DM, hypertension, and cardio- 
vascular disease [83, 84]. 

At present, there are only two reports from 
Africa (both from South Africa) that have investi- 
gated HIV status and COVID-19. A single center 
case series of the first 100 patients admitted to a 
large academic hospital in Gauteng province, 
which is currently the epicenter of the COVID-19 
pandemic, found the prevalence of HIV in their 
study population to be comparable to that of the 
general population (11% and 14%, respectively). 
They also did not report any deaths among HIV- 
positive patients in this cohort [52]. In contrast to 
this, data presented at the 23rd International 
AIDS Conference from the Western Cape, which 
was the first to experience a surge of cases in 
South Africa, demonstrated that HIV, as well as a 
past or current history of TB, increased the risk of 
mortality from SARS-CoV-2 [12]. 
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Drawing conclusions from the limited and 
seemingly conflicting data on SARS-CoV-2 and 
HIV co-infection should be done cautiously. 
Outcomes described in current case series have 
been inconsistent, not least because of the marked 
variability in the study designs and population 
groups from where the data come. Reports of 
false-negative PCR tests early in the course of 
disease with COVID-19 might present an addi- 
tional challenge to diagnosis in the HIV popula- 
tion [85, 86]. The number of cases where this was 
noted is limited and incompletely described. 

TB co-infection of PLWH is a major problem 
in SSA. In 2016, 2.5 million people fell ill with 
TB in the African region, accounting for a quarter 
of new TB cases worldwide. TB is a leading 
killer of HIV-positive people. In 2016, 40% of 
HIV deaths were due to TB [87]. Furthermore, 
global rates of latent TB are estimated to be as 
high as 25%. 

There is a paucity of data on the impact of TB 
on COVID-19 infection. Tadolini et al. reported a 
case series of 49 patients from a European cohort 
with current or history of TB and SARS-CoV-2 
infection [88]. They reported a mortality of 
12.3% in the patients with dual infection which is 
much higher than in COVID-19 only disease. 
However, most patients that died had other risk 
factors such as age >60 years and more than one 
comorbidity. A preliminary analysis of 69 
patients with TB and COVID-19 co-infection 
from 8 European countries reported a mortality 
rate of 11.6% [89]. Forty-three (62%) of the 69 
patients were migrants. The migrant population 
was shown to be younger and to have fewer 
comorbidities and, interestingly, a lower mortal- 
ity. They concluded that TB may not have a major 
effect on mortality. In contrast, data from the 
population cohort study in public health facilities 
from the Western Cape Province in South Africa 
reported an increased hazard of death from 
COVID-19 with both current and past TB [12]. 
The relationship between COVID-19 and latent 
TB appears to have implications both for devel- 
opment and progression of severe COVID-19 as 
well as the progression of TB. A recent study 
from China, which actively tested for latent TB, 
noted that the prevalence of latent TB was higher 
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in COVID-19 patients than in the general popula- 
tion and that the percentage of patients with TB 
was also considerably higher than the percentage 
of patients with other comorbidities [90, 88]. 
Data from South Africa showed that patients with 
TB had a higher mortality from influenza [91]. 
Whether or not this is true of COVID-19 remains 
to be determined. 

Factors that may exacerbate the development 
of SARS-CoV-2 in patients with TB are the dys- 
functional immune responses as well as the 
upregulated expression of ACE-2 in epithelial 
cells of the respiratory tract [88]. The presence of 
TB with comorbidities like HIV and DM may 
also potentially influence mortality rate in 
COVID-19. In Africa, poverty and malnutrition 
may play an important role in increasing morbid- 
ity and mortality [92]. 

TB and COVID-19 have many similar clinical 
features such as fever, cough, and dyspnea [93]. 
The overlap of clinical features between TB and 
SARS-CoV-2 will pose a significant diagnostic 
challenge especially in a region with such a high 
prevalence of the former. 

Both TB and SARS-CoV-2 have been pro- 
posed to cause injury and lung damage in the 
long term. However, the impact of co-infection 
on disease course and overall outcomes is uncer- 
tain and warrants further research and investiga- 
tion [94]. TB causes chronic lung damage which 
might contribute to negative outcomes in patients 
who develop COVID-19 [81]. Based on evidence 
from chronic lung conditions like silicosis, it has 
been proposed that individuals with undiagnosed 
pulmonary TB, recently initiated TB therapy, or 
complex presentations like drug-resistant or dis- 
seminated forms might be susceptible to a more 
severe disease course if SARS-CoV-2 co- 
infection occurs [95]. 


13.7 COVID-19 in Children 


Africa has a relatively younger population than 
the rest of the world. Children in the 0-14 age 
group make up 40.1%, while the elderly 265 age 
group make up only 3.5% of the population [92]. 
Studies from other parts of the world showed that 
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most children with SARS-CoV-2 infection expe- 
rience mild symptoms or are asymptomatic [96, 
97]. However, children in SSA are exposed to 
different socioeconomic and health risk factors 
that could make them more vulnerable to more 
severe illness and death from COVID-19. 

Current data from SSA, though limited, sug- 
gest that children are at lower risk of severe 
COVID-19 compared to adults. Data released by 
the South African NICD showed that 6% (3,025) 
of all patients (52,991) who tested positive by 
PCR for SARS-CoV-2 were children [12]. Also, 
children made up only 3.3% (230) of all 
COVID-19 (6,353) hospital admissions. Besides, 
those who died (three children) had underlying 
medical conditions, including dilated cardiomy- 
opathy, leukemia, and hypertension. It is essen- 
tial to note the number of COVID-19 infections 
in SA has since increased to over 400,000 with 
over 6,000 deaths [98]. It is not yet known how 
many of these are children. Another African 
study comprising 74 children admitted with 
COVID-19 infection showed that children expe- 
rence mild to moderate symptoms [99]. 
Nonetheless, all children in this study had no 
malnutrition or other immunocompromising ill- 
nesses such as HIV except for one who had type 
] DM. More extensive studies will be needed to 
assess the real impact of COVID-19 in children 
with underlying conditions such as HIV and mal- 
nutrition in SSA. 

Although most children do not develop severe 
illness, there are few reports of children present- 
ing with inflammatory, multisystem syndrome 
following COVID-19 infection [100—103 |]. 

There are several reasons children rarely 
develop severe COVID-19 disease. The virus 
enters the target cell via ACE-2, which is found 
in the respiratory tract [104]. The spike protein 
on the surface of the virus is cleaved by the 
TMPRSSA protease which enables the virus to 
enter the host cell [104]. However, ACE-2 
expression in the nasal epithelial increases 
with age and younger children with lower 
ACE-2 in the nasal epithelial may be protected 
from infection by a high dose of the virus 
[105]. Patients with severe COVID-19 disease 
have been found to have a higher viral load and 
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shed the virus over a prolonged period [106]. 
Secondly, the immune response of children to 
COVID-19 infection seems to be different 
from that of adults. A study by Selva et al. ana- 
lyzing serology features in different age groups 
found that although children have less expo- 
sure to coronavirus antigens, they have higher 
primary humoral immune response targeted at 
COVID-19 compared to adults, and this may 
enable faster elimination of the virus [107]. An 
increase in IgM is our first response to viral 
infections, and this immunoglobulin has wide- 
ranging reactivity and affinity. Younger chil- 
dren were found to have higher IgM, while 
adults had higher mature specific IgA and IgG 
[107]. It is thought that these mature IgG and 
IgA antibodies may cross-react with COVID- 
19 and cause an exaggerated immune response. 
Thirdly, most children do not have many of the 
comorbidities, such as DM and hypertension, 
which decreases their risk of infection and 
death to COVID-19. 

Because the pandemic in SSA lags behind 
most parts of the world, there is currently a pau- 
city of evidence to assess how the pandemic is 
affecting children in this region. Unlike European, 
North American, or Asian countries, children in 
SSA are being exposed to a variety of factors 
which may make them more vulnerable to severe 
COVID 19 illness. These include malnutrition, 
sickle cell disease, and infectious diseases such 
as HIV and TB. 


13.8 Malnutrition 


Africa is one of two regions that bear the highest 
Share of all forms of malnutrition in the world 
[108]. Malnutrition refers to a clinical syndrome 
of anthropometric abnormalities, and it includes 
wasting and stunting in undernutrition and over- 
weight and obesity in overnutrition. According to 
the United Nations Children’s Fund (UNICEF)/ 
WHO reports on malnutrition, about 39% of 
stunted, 28% of wasted, and 24% of overweight 
children under 5 years old live in Africa [108]. At 
the same time, malnutrition is one of the most 
common causes of mortality in children living in 
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SSA. Both undernutrition and overnutrition are 
associated with chronic inflammation. In a study 
done in Zimbabwe, it was found that children 
who were stunted had higher inflammatory mark- 
ers such as C-reactive protein, alpha-1 acid gly- 
coprotein, and IL-6 compared to non-stunted 
children [109]. Children who are severely wasted 
have weak immune systems and are prone to 
infections [110]. 

There are several trials underway evaluating 
the safety and efficacy of different COVID-19 
vaccines in humans. Vaccines are based on stim- 
ulating the immune system to form neutralizing 
antibodies against an inactive form of the virus 
to protect against subsequent infections. 
Response to vaccinations is inadequate in chil- 
dren with severe malnutrition [111, 112]. 
Therefore, similar trends may be observed in 
severely malnourished SSA children and will 
need to be considered when vaccines become 
available in SSA. 

The total number of children who are over- 
weight in Africa has increased significantly over 
the past years. About 24% of overweight children 
under 5 years old live in Africa and the majority 
of these in Southern Africa [108]. The increase in 
overweight among SSA children has been 
ascribed to the increase in middle-income fami- 
lies and the consumption of processed food and 
low physical activities. As in adults, obesity is 
associated with an increased risk of infection, 
severe illness, and death from COVID-19 [113, 
114]. In acohort of children admitted with multi- 
system inflammatory syndrome associated with 
COVID-19, obesity was the predominant under- 
lying condition [100]. 


13.9 Sickle Cell Disease 


The term sickle cell disease (SCD) refers to a het- 
erogeneous group of disorders in which sickle 
hemoglobin (HbS) predominates. HbS is a struc- 
tural variant of normal adult hemoglobin (HbA) 
caused by a single nucleotide polymorphism of 
the HBB gene. It is estimated that about 314,000 
children are born with SCD worldwide every 
year, with the majority in SSA [115]. About half 
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of all births come from just three countries: 
Nigeria, the Democratic Republic of Congo, and 
India [115]. Infections in patients with SCD can 
cause painful vaso-occlusive crises and acute 
chest syndrome and death. There is limited data 
on the impact of COVID-19 on SCD. Arlet et al. 
compared COVID-19 ICU admissions in those 
with SCD to all others and showed a lower rate of 
admission for those with SCD [116]. The authors 
cautioned that the study was not powered to 
detect statistical differences. Two small case 
series from the United Kingdom also suggested 
that SCD does not increase disease severity or 
mortality [117, 118]. In contrast, a larger US ret- 
rospective review of 179 patients with SCD sug- 
gests that those with SCD have more severe 
disease and have a high case fatality rate [119]. 
The increase in disease severity occurred in those 
who had mild-moderate and severe SCD geno- 
types [120]. At the time of this review, there is no 
data from African countries on SCD and 
COVID-19. 

People with SCD have defects in innate immu- 
nity such as splenic dysfunction, impaired neu- 
trophil chemotaxis and killing, reduced 
opsonization, and propensity to develop bacterial 
infections. They are also vulnerable to viral 
infections and infections with atypical bacteria 
which points to defects in cell-mediated immu- 
nity [121, 122]. Another potential mechanism for 
increased disease severity and mortality is by 
increased risk for thromboembolic disease. Both 
SCD and COVID-19 increase the risk of throm- 
bosis, and the potential combination necessitates 
further studies [123]. 


13.10 Conclusions 


Metabolic comorbidities do appear to predispose 
to severe COVID-19 disease, and these are com- 
mon in SSA. There is limited data on the risk for 
acquiring COVID-19 in people who have infec- 
tions like TB and HIV. This data will have to 
come from Africa. Finally, we still do not know 
what the risk of disease 1s for children in Africa, 
many of whom suffer from malnutrition and 
infections. 
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Abstract 


From its early origins, COVID-19 has spread 
extensively and was declared a global pan- 
demic by the World Health Organization in 
March of 2020. Although initially thought to 
be predominantly a respiratory infection, 
more recent evidence points to a multisystem 
systemic disease which is associated with 
numerous haematological and immunological 
disturbances in addition to its other effects. 
Here we review the current knowledge on the 
haematological effects of COVID-19. 
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14.1 Introduction 

The first cases of COVID-19 were diagnosed in 
China in November to December of 2019, with 
patients presenting with severe pneumonia and 
acute respiratory distress syndrome (ARDS) of 
uncertain origin [1, 2]. Next-generation sequenc- 
ing and phylogenetic analysis identified the asso- 
ciated pathogen as a novel p-coronavirus strain 
which has been called severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) [1]. 

From its early origins, COVID-19 has spread 
extensively and was declared a global pandemic 
by the World Health Organization (WHO) on 
11th March 2020. As of 15th November 2020, 
there have been 253,7 million cases reported 
worldwide and >1,3 million deaths [3]. Although 
the majority of people infected with COVID-19 
are either asymptomatic or mildly symptomatic 
(28096), approximately 19% of patients develop 
severe to critical illness [2] with a variably 
reported mortality rate of less than 1% to >16% 
dependent on the country of origin, the testing 
strategy adopted, and the manner of calculation 
of the rate [2, 4, 5]. 

COVID-19 was initially thought to be pre- 
dominantly a respiratory infection; however, 
more recent evidence points to a multisystem, 
systemic disease which is associated with numer- 
ous haematological and immunological distur- 
bances [6, 7]. Very little data on COVID-19 have 
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been published from South Africa and the African 
continent as a whole, although South Africa had 
the fifth highest number of confirmed cases 
worldwide in July and still has the highest num- 
ber of cases on the African continent (>751,000 
reported cases as of 15th November 2020) [8]. 
This region is also known to have the highest 
number of people living with human immunode- 
ficiency virus (PLWHIV) worldwide at 7,7 mil- 
lion, with a high burden of other infectious 
diseases (including tuberculosis) [9], which may 
also associate with haematological and immuno- 
logical complications. The interaction between 
these epidemics is uncertain [9, 10]. 


14.2 Full Blood Count (FBC) 
Changes Associated 
with COVID-19 


14.2.1 Red Cells 


Anaemia may be present in COVID-19 but is fre- 
quently only mild to moderate in severity [11— 
14]. The presence of severe anaemia is thought to 
infer a poorer prognosis [15]. Anaemia may 
occur as an autoimmune complication of 
COVID-19 infection, and autoimmune haemoly- 
sis has been described in case studies and case 
series [16, 17]. 

Severe COVID-19 may be associated with 
dysregulation of iron metabolism [18, 19]. This is 
hypothesized to be due to viral mimicry, as a 
component of the COVID-19 spike glycoprotein 
cytoplasmic tail displays significant homology 
with the hepcidin protein [20]. Hepcidin is a 
major regulator of iron metabolism, and in con- 
junction with its target receptor ferroportin, it 
controls iron exit from cells such as macrophages. 
COVID-19 is thus associated with intracellular 
iron accumulation (increased ferritin) and with a 
corresponding decline in serum iron and 
haemoglobin levels (likely due to restricted iron 
bioavailability/ reticuloendothelial iron block- 
ade) [19, 20]. Iron accumulation may also drive a 
pro-inflammatory phenotype within macro- 
phages and exacerbate the cytokine storm typical 
of severe disease [20, 21], with a negative impact 
on prognosis. 
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14.2.2 White Cells 


14.2.2.1 Leukocyte Counts 

Total leukocyte counts are variable in patients 
with COVID-19, ranging from decreased to 
increased in different patient subgroups [11, 12]. 


14.2.2.2 Lymphopenia 

The most significant change associated with 
COVID-19 is lymphopenia [6, 7, 22, 23]. This is 
described in the majority of admitted patients 
(ranging from 3046 to more than 8096 of patients) 
[12, 24—28]. The presence and severity of the 
lymphopenia, in conjunction with its persistence 
during disease progression, has a negative prog- 
nostic implication [12, 22, 25, 29]. It appears to 
predict patients who develop severe disease with 
a higher risk of ARDS and who may require 
intensive care unit (ICU) admission and ventila- 
tion, with a potentially fatal outcome [6, 12, 29]. 


14.2.2.3 Alterations in Lymphocyte 
Subsets 

Abnormalities of lymphocyte subsets and immu- 
nological function are described within the set- 
ting of lymphopenia. This is typically due to a 
decrease in both CD4+ and CD8+ T cell subsets, 
often with decreases in natural killer and B cells 
[22, 23, 26, 30]. Associated with this immuno- 
logical disturbance is the activation of the T cells, 
with CD4 T cells driving a T-helper cell 1 (TH1)- 
dependent monocyte and macrophage response 
[31, 32] and increased cytotoxicity within the 
CD8-positive subset [33, 34]. This may contrib- 
ute to the presence of a cytokine storm [35], auto- 
immune complications [36, 37], and 
immunological lung injury [34]. The normalisa- 
tion of these counts, with a decrease in naive and 
an increase in certain memory and regulatory 
subsets, is associated with recovery [22, 34]. 


14.2.2.4 Neutrophils and Monocytes 

Neutrophilia is common in severe COVID-19 
disease [22, 23, 29] and reflects the immunologi- 
cal dysregulation. It may also indicate secondary 
bacterial infection. In contrast, peripheral blood 
monocyte numbers were reported to be decreased 
in one study among patients with COVID-19 
[38], which is hypothesized to be due to mono- 
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cyte trafficking into the lungs. Circulating mono- 
cytes also display severity-specific 
immunophenotypic changes, including downreg- 
ulation of surface HLA-DR expression [39] and 
an enrichment of a pro-inflammatory 
CD14+CD16+ monocyte subset [32, 38, 40]. The 
latter produce interleukin-6 (IL-6) and are likely 
to be important contributors to the cytokine storm 
seen in severe COVID-19 infection. The neutro- 
phil-lymphocyte ratio (NLR) [12, 23] and the 
monocyte—lymphocyte ratio (MLR) may both be 
increased, which are also thought to be predictive 
of poorer outcome [41]. 


14.2.2.5 Changes in Eosinophil 
and Basophil Counts 

Eosinophils and basophils play a role in 
COVID-19 in driving the immune pulmonary 
hyper-reactivity which is a feature of more severe 
disease [42]. Decreased peripheral blood eosino- 
phils and basophils are potential predictors of 
more severe disease [22, 23], with a normalisa- 
tion of these counts documented in recovery from 
COVID-19 [42]. 


14.2.3 Platelets 


Thrombocytopenia may be present, although the 
prognostic significance differs between studies 
with some showing no association with severe 
disease [6, 25, 29] and others suggesting that 
thrombocytopenia predicts a poorer outcome [12, 
14, 24, 43, 44]. Immune thrombocytopenic pur- 
pura (ITP) and thrombotic thrombocytopenic 
purpura (TTP) have been associated as autoim- 
mune complications of COVID-19 leading to 
decreased platelet counts [45—49]. Disseminated 
intravascular coagulopathy (DIC) may also con- 
tribute to thrombocytopenia [7, 50]. 


14.3 Peripheral Blood Smear 
Morphological Findings 


Multi-lineage atypical peripheral smear morpho- 
logical features have been described in COVID-19 
patients [51, 52]. Dysplasia is noted within the 
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granulocyte lineage in a large proportion of 
patients with severe disease, including acquired 
Pelger-Huét and monolobate neutrophils with 
left-shift and apoptotic cells [51-53]. Dysplastic 
platelet morphology has also been reported with 
large hyperchromatic platelets and pseudopodia 
formation [52]. 

Circulating large plasmacytoid lymphocytes 
[54], plasma cells [27, 53-58], and plasmablasts 
[27, 51, 57] have been documented morphologi- 
cally and on printouts from haematology analys- 
ers, which is suggestive of COVID-19 infection 
[55, 56, 58]. However, these cells are not specific 
for COVID-19 as they have been described in 
other viral infections, such as HIV [59] and viral 
haemorrhagic fevers particularly dengue fever 
[54, 60]. These cells differ from the atypical lym- 
phocytes which more typically associate with 
other viral infections (such as Epstein-Barr virus 
and cytomegalovirus) although these later atypi- 
cal cells may also be seen with COVID-19 infec- 
tion [27, 54, 56, 57]. Other reactive changes may 
also be seen, including the presence of atypically 
large and vacuolated monocytes [40]. 


14.4 Coagulation Abnormalities 


A comprehensive overview of COVID-19- 
associated abnormalities of coagulation is beyond 
the scope of this review. In brief, coagulopathy 
has been described in severe COVID-19 infec- 
tion, with increased D-dimers [7, 12, 25, 29, 61] 
and prolongation of the prothrombin time (PT)/ 
international normalized ratio (INR) [29] sug- 
gesting a poorer outcome, with possible develop- 
ment of DIC [7, 50]. Arterial and venous 
thrombosis has been associated with COVID-19 
and may contribute to multiorgan failure [62, 63]. 


14.5 Autoimmune 
Haematological 
Complications 


The significantly deranged immunological func- 
tion in patients, particularly those who develop 
severe disease [35], may manifest in autoimmune 
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complications including haematological and 
non-haematological disorders. This is hypothe- 
sized to occur through viral molecular mimicry 
[36, 37, 64]. Viral proteins (such as the viral spike 
and nucleoproteins) can cross-react with human 
antigens and may lead to the production of auto- 
antibodies by the host [37, 65]. There have been 
case reports and case series of autoimmune hae- 
matological complications, including autoim- 
mune haemolytic anaemia (AIHA) [16, 17], cold 
agglutinin disease [16], ITP [45, 46, 48], TTP 
[47, 49, 66], antiphospholipid antibodies [67, 
68], lupus anticoagulant [69], and development 
of antibodies directed against the endothelium. 
Formation of antibodies against the endothelium 
may occur particularly in situations when the 
vascular endothelium is already activated and 
under stress due to comorbidities such as diabe- 
tes, hypertension, and cardiovascular disease. 
These may contribute to the development of 
severe disease, including ARDS, multiorgan fail- 
ure, arterial and venous thrombosis, and DIC 
[64]. 


14.6 Hemophagocytic 
Lymphohistiocytosis (HLH) 


Hemophagocytic lymphohistiocytosis (HLH) is a 
severe life-threatening disease which may occur 
as an inherited disorder or as a secondary phe- 
nomenon in other conditions, including infec- 
tions [70]. It is associated with fever, 
organomegaly, severe cytopenias, increased 
serum ferritin and triglyceride levels, and multi- 
organ failure. HLH and macrophage activation 
syndrome (MAS) have been described in 
COVID-19 and may reflect the severe hyperin- 
flammatory state [39, 70, 71]. This may contrib- 
ute to a poor outcome. 


14.7 High-Risk Patients 
with Haematological 
Disorders 


Recent evidence suggests that patients with cer- 
tain haematological disorders should be consid- 
ered as being at high risk, in particular, patients 
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with haemoglobinopathies such as sickle cell dis- 
ease (SSD) and red cell enzymopathies such as 
glucose-6-phosphate dehydrogenase (G6PD) 
deficiency [72-74]. 

COVID-19 infection may interact with SSD 
in a number of ways. COVID-19 is associated 
with the development of pneumonia and, in par- 
ticular, may cause severe hypoxia. Hypoxia 
increases red cell sickling and haemolysis in 
patients with SSD, potentiating COVID-19 vas- 
cular disturbances and thrombosis, which may 
contribute to the onset of painful vaso-occlu- 
sive crises and acute chest syndrome [74, 75]. 
Many patients with SSD have chronic lung 
damage from recurrent acute chest syndrome 
which may predispose to COVID-19 pneumo- 
nia. SSD is associated with auto-splenectomy 
and immunosuppression which predisposes to 
severe infections, including bacterial infections 
which may present with COVID-like symptoms 
or complicate COVID-19 infection [72, 74]. It 
has been suggested that haemoglobinopathies, 
including SSD, should be considered a comor- 
bidity which predisposes to severe COVID-19 
disease [76]. 

G6PD deficiency is the most common 
enzyme deficiency worldwide and may lead to 
haemolysis due to infections, including 
COVID-19 infection [73, 77]. These patients 
may also be susceptible to haemolysis precipi- 
tated by potential drugs researched in the treat- 
ment of COVID-19 such as hydroxychloroquine 
[78]. 

There is a theoretically increased risk of 
severe COVID-19 infection in patients with hae- 
matological malignancies. However, the pres- 
ence of immune suppression has been 
hypothesized to be protective against severe 
COVID-19 disease. This remains controversial 
with some studies showing no increased risk of 
COVID-19 in patients with haematological 
malignancy [79] and others showing a higher risk 
of more severe disease [79-81]. Some of the 
autoimmune haematological complications have 
been precipitated by COVID-19 in patients with 
underlying haematological malignancies includ- 
ing lymphoproliferative disorders (such as 
chronic lymphocytic leukaemia) and multiple 
myeloma [16]. 
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14.8 COVID-19 and HIV 


As COVID-19 is associated with lymphopenia 
and immunological dysfunction, concern is 
raised for its interaction with other infections 
which impair immunological function such as 
HIV and/or tuberculosis, especially in the setting 
of comorbid diabetes mellitus. This remains a 
poorly quantified risk [10, 82, 83], although case 
studies and small case series, predominantly in 
higher income countries, suggest that PLWHIV 
may not beat higherrisk of developing COVID-19 
or a more severe disease [84—87]. 

Of particular interest is the similarity noted 
between the haematological complications of 
HIV and SARS-CoV-2. Although HIV has a ten- 
dency to a more chronic disease course, it associ- 
ates with many similar features, including 
lymphopenia, immunological disturbance, 
molecular mimicry, autoimmune complications 
(AIHA, ITP, TTP, anti-phospholipid syndrome), 
morphological dysplasia, coagulopathy, throm- 
bosis, and endothelial activation [88—90]. This 
suggests that the potential interaction between 
the viruses may lead to more severe disease or a 
greater frequency of the above complications. 

Data from areas where the majority of 
PLWHIV reside, such as South Africa, are lim- 
ited. This is further impacted by socioeconomic 
issues and healthcare accessibility [10, 82]. 
Within these regions, not all patients are on effec- 
tive antiretroviral therapy [9], and patients may 
not be  virologically suppressed or show 
immunological recovery [82]. This may increase 
the risk and severity of lymphopenia in COVID- 
19 infection in PLWHIV with low CD4 T-cell 
counts. Preliminary data on a small group of 
PLWHIV in Johannesburg, South Africa, sup- 
ported findings in other centres of a lack of 
increased risk in HIV-positive patients [13]. 
Despite this, early data originating from Cape 
Town, South Africa, suggests that HIV-positive 
patients and patients with current or previous 
tuberculosis are at approximately twofold higher 
risk of COVID-19-related mortality, particularly 
if not virologically suppressed and in the pres- 
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ence of lymphopenia with low CD4 T-cell counts 
[82]. 


14.9 Haematological Markers 
of COVID-19 Severity 


Although many of the haematological indices 
may be significantly different when COVID-19 
patients are compared to normal controls, the 
results may still be within the normal reference 
ranges and may thus not be useful in distinguish- 
ing patients with and without COVID-19 [11, 
12]. In addition, the differences in counts between 
COVID-19 patients and patients with other viral 
causes of respiratory disease (such as influenza) 
may not be significantly different or useful in dis- 
tinguishing causes of pneumonia [11]. 

The most useful parameters in suggesting the 
presence of COVID-19 and predicting its severity 
include the presence and severity of lymphopenia 
and neutrophilia, the NLR, coagulation distur- 
bances, and increase in D-dimers [7, 11, 12, 22, 
41, 50, 61]. 

Table 14.1 summarises the haematological 
parameters associated with a higher risk of severe 
COVID-19 infection, which may predict the 
development of ARDS and increase the risk of 
ICU admission and mechanical ventilation and 
potentially a fatal outcome. 


14.10 Conclusions 


Patients with COVID-19 may have changes in all 
haemopoietic cell lineages and show atypical 
peripheral smear morphological findings. 
Coagulation disturbances are marked, and auto- 
immune haematological complications are 
increasingly described. Haematological changes 
may be suggestive of COVID-19 disease, 
although they may not be conclusive in confirm- 
ing the diagnosis. Haematological parameters 
may also be useful in predicting patients who 
have more severe disease and may require [CU 
admission and mechanical ventilation. 
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Table 14.1 Peripheral blood haematological results in admitted patients with severe COVID-19 disease which may 


predict ARDS and ICU-admission 


Parameter Comments/Prognostic implications References 

Lymphopenia Severe lymphopenia, failure of lymphocyte recovery, and/or [7. 11], 12, 
persistent decline in lymphocyte counts associated with 24.4243, 23, 
progressive disease and demise 28, 29, 42] 

Lymphocyte subsets Lower T-cell counts (CD4- and CD8-positive T cells), failure | [22, 26, 30, 
of T-cell subsets, and T-cell activation to normalise and 34, 42] 
disturbance of memory and regulatory subsets predicts poorer 
outcome 

Neutrophils and monocytes Neutrophilia associates with poorer outcome. Increased [l2 2 
monocytes with an activated immunophenotype and 42, 29, 34. 
decreased expression of molecules associated with antigen 38-40] 
presentation (HLA-DR) are suggestive of progressive disease 
and macrophage activation syndrome 

Increased NLR and MLR Suggests more aggressive disease [5 11, 23, 

41] 

Eosinophils and basophils Decreased circulating eosinophils and basophils have [22, 23, 42] 
negative prognostic implications. These cells increase with 
recovery 

Multi-lineage haemopoietic Improvement in dysplasia associates with recovery [31, 40, 52] 

dysplasia, large activated 

monocytes, and circulating 

plasmacytoid lymphocytes and 

plasmablasts 

Anaemia and thrombocytopenia Predictive value is contradictory in different studies. Some [12, 14, 15, 
studies suggest this is more common in patients requiring 24, 43, 44] 
ICU admission, although may only be mildly to moderately 
reduced. More severe anaemia and thrombocytopenia is 
associated with poorer outcome in some studies 

Iron metabolism Disturbances in iron metabolism described in COVID-19. [18, 19] 
Low serum iron associates with a poorer outcome 

Coagulopathy Raised D-Dimers and prolonged INR associates with poorer [7, 12, 24, 
prognosis 20, 29, 30, 

61] 


ARDS Acute respiratory distress syndrome, /CU intensive care unit, /NR international normalized ratio, NLR 


neutrophil:lymphocyte ratio, MLR monocyte: lymphocyte ratio 


ing COVID-19 infection. Lancet Infect Dis 20(7):773. 


et al (2020) Identification of a novel coronavirus caus- 
ing severe pneumonia in human: a descriptive study. 
Chin Med J 133(9):1015-1024 


. Wu Z, McGoogan JM (2020) Characteristics of and 


important lessons from the Coronavirus Disease 2019 
(COVID-19) outbreak in China: summary of a report 
of 72 314 cases from the Chinese Center for Disease 
Control and Prevention. JAMA 323(13):1239-1242 


. World Health Organization (2020) COVID-19 


Weekly epidemiological update - 17 November 
2020. https://www.who.int/publications/m/ 
item/weekly-epidemiological-update---17- 
november-2020. Accessed 20 November 2020 


. Baud D, Qi X, Nielsen-Saines K, Musso D, Pomar 


L, Favre G (2020) Real estimates of mortality follow- 


. Terpos 


References https://doi.org/10.1016/s1473-3099(20)30195-x 
. Wilson N, Kvalsvig A, Barnard LT, Baker MG (2020) 
1. Ren LL, Wang YM, Wu ZQ, Xiang ZC, Guo L, Xu T Case-fatality risk estimates for COVID-19 calculated 


by using a lag time for fatality. Emerg Infect Dis 
26(6):1339-1441 


. Fan BE, Chong VCL, Chan SSW, Lim GH, Lim 


KGE, Tan GB et al (2020) Hematologic parameters 
in patients with COVID-19 infection. Am J Hematol 
95(6):E131—E134 

E, Ntanasis-Stathopoulos I, Elalamy I, 
Kastritis E, Sergentanis TN, Politou M et al (2020) 
Hematological findings and complications of 
COVID-19. Am J Hematol 95(7):834—847 


. COVID-19 South African coronavirus news and 


information portal (2020)  https://sacoronavi- 
rus.co.za/2020/11/15/update-on-covid-19-15th- 
november-2020/. Accessed 20 November 2020 


10. 


11. 


12. 


13. 


14. 


D. 


16. 


17. 


18. 


19. 


20. 


2l: 


25 


Overview of the Haematological Effects of COVID-19 Infection 


. Feldman C (2020) Potential impact of SARS-CoV-2 


infection in HIV-positive patients in South Africa. 
Wits J Clin Med 2(Special Issue 1):19—24 

Bulled N, Singer M (2020) In the shadow of HIV & 
TB: a commentary on the COVID epidemic in South 
Africa. Glob Public Health 15:1231. https://doi.org/1 
0.1080/17441692.2020.1775275 

Peng J, Qi D, Yuan G, Deng X, Mei Y, Feng L et al 
(2020) Diagnostic value of peripheral hematologic 
markers for coronavirus disease 2019 (COVID-19): 
a multicenter, cross-sectional study. J Clin Lab Anal 
00:e23475. https://doi.org/10.1002/jcla.23475 

Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z et al (2020) 
Clinical course and risk factors for mortality of adult 
inpatients with COVID-19 in Wuhan, China: a retro- 
spective cohort study. Lancet 395(10229): 1054-1062 
Zamparini J, Venturas J, Shaddock E, Edgar J, Naidoo 
V, Mahomed A et al (2020) Clinical characteristics of 
the first 100 COVID-19 patients admitted to a tertiary 
hospital in Johannesburg, South Africa. Wits J Clin 
Med 2(2):105-114 

Lippi G, Plebani M (2020) Laboratory abnormalities 
in patients with COVID-2019 infection. Clin Chem 
Lab Med 58(7):1131-1134 

Zhao J, Gao HY, Feng ZY, Wu QJ (2020) A retro- 
spective analysis of the clinical and epidemiologi- 
cal characteristics of COVID-19 patients in Henan 
Provincial People's Hospital, Zhengzhou, China. 
Front Med (Lausanne) 7:286. https://doi.org/10.3389/ 
fmed.2020.00286 

Lazarian G, Quinquenel A, Bellal M, Siavellis J, 
Jacquy C, Re D et al (2020) Autoimmune haemolytic 
anaemia associated with COVID-19 infection. Br J 
Haematol 190(1):29-31 

Lopez C, Kim J, Pandey A, Huang T, DeLoughery 
TG (2020) Simultaneous onset of COVID-19 and 
autoimmune haemolytic anaemia. Br J Haematol 
190(1):3 1-32 

Cavezzi A, Troiani E, Corrao S (2020) COVID-19: 
hemoglobin, iron, and hypoxia beyond inflammation. 
A narrative review. Clin Pract 10(2):1271. https://doi. 
org/10.4081/cp.2020.1271 

Hippchen T, Altamura S, Muckenthaler MU, Merle 
U (2020) Hypoferremia predicts hospitalization and 
oxygen demand in COVID-19 patients. medRxiv. 
https://doi.org/10.1101/2020.06.26.20140525 

Ehsani S (2020) Distant sequence similarity between 
hepcidin and the novel coronavirus spike glycoprotein: 
a potential hint at the possibility of local iron dysregu- 
lation in COVID-19. arXiv preprint arXiv:200312191. 
https://arxiv.org/ftp/arxiv/papers/2003/200312191. 
pdf 

Vinchi F, Costa da Silva M, Ingoglia G, Petrillo S, 
Brinkman N, Zuercher A et al (2016) Hemopexin 
therapy reverts heme-induced proinflammatory phe- 
notypic switching of macrophages in a mouse model 
of sickle cell disease. Blood 127(4):473—486 

Sun D-w, Zhang D, Tian R-h, Li Y, Wang Y-s, Cao J 
et al (2020) The underlying changes and predicting 
role of peripheral blood inflammatory cells in severe 


29. 


24. 


225. 


26. 


2]. 


28. 


20. 


30. 


31. 


32. 


33. 


34. 


25: 


169 


COVID-19 patients: a sentinel? Clin Chim Acta 
508:122-129 

Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y et al 
(2020) Dysregulation of immune response in patients 
with Coronavirus 2019 (COVID-19) in Wuhan, 
China. Clin Infect Dis 71(15):762—768 

Guan W-j, Ni Z-y, Hu Y, Liang W-h, Ou C-q, 
He J-x et al (2020) Clinical characteristics of 
Coronavirus Disease 2019 in China. N Engl J Med 
382(18):1708—1720 

Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J et al 
(2020) Clinical characteristics of 138 hospitalized 
patients with 2019 Novel Coronavirus-infected pneu- 
monia in Wuhan, China. JAMA 323(11):1061—1069 
Liu Z, Long W, Tu M, Chen S, Huang Y, Wang S et al 
(2020) Lymphocyte subset (CD4+, CD8+) counts 
reflect the severity of infection and predict the clini- 
cal outcomes in patients with COVID-19. J Infect 
8(2):3 18-356 

El Jamal SM, Salib C, Stock A, Uriarte-Haparnas 
NI, Glicksberg BS, Teruya-Feldstein J et al (2020) 
Atypical lymphocyte morphology in SARS-CoV-2 
infection. Pathol Res Pract 216(9): 153063. https://doi. 
org/10.1016/j.prp.2020. 153063 

Yang X, Yu Y, Xu J, Shu H, Ja X, Liu H et al (2020) 
Clinical course and outcomes of critically ill patients 
with SARS-CoV-2 pneumonia in Wuhan, China: a 
single-centered, retrospective, observational study. 
Lancet Respir Med 8(5):475-481 

Wu C, Chen X, Cai Y, Ja X, Zhou X, Xu S et al (2020) 
Risk factors associated with acute respiratory distress 
syndrome and death in patients with Coronavirus 
Disease 2019 pneumonia in Wuhan, China. JAMA 
Intern Med 180(7):934—943. https://doi.org/10.1001/ 
jamainternmed.2020.0994 

Wang F, Nie J, Wang H Zhao Q, Xiong Y, Deng L 
et al (2020) Characteristics of peripheral lymphocyte 
subset alteration in COVID-19 pneumonia. J Infect 
Dis 221(11):1762-1769 

Tay MZ, Poh CM, Rénia L, MacAry PA, Ng 
LFP (2020) The trinity of COVID-19: immunity, 
inflammation and intervention. Nat Rev Immunol 
20(6):363-374 

Zhou Y, Fu B, Zheng X, Wang D, Zhao C, qi 
Y et al (2020) Aberrant pathogenic GM-CSF+ 
T cells and inflammatory CD14+CD16+ mono- 
cytes in severe pulmonary syndrome patients 
of a new coronavirus. bioRxiv. https://doi. 
org/10.1101/2020.02.12.945576 

Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C et al 
(2020) Pathological findings of COVID-19 associ- 
ated with acute respiratory distress syndrome. Lancet 
Respir Med 8(4):420—422 

song J-W, Zhang C, Fan X, Meng F-P, Xu Z, Xia 
P et al (2020) Immunological and inflammatory 
profiles in mild and severe cases of COVID-19. 
Nat Commun 11(1):3410. https://doi.org/10.1038/ 
s41467-020-17240-2 

Mehta P, McAuley DF, Brown M, Sanchez E, 
Tattersall RS, Manson JJ (2020) COVID-19: consider 


170 


36. 


2d 


38. 


39. 


40. 


4]. 


42. 


43. 


44. 


45. 


46. 


cytokine storm syndromes and immunosuppression. 
Lancet 395(10229):1033-1034 

Angileri F, Legare S, Marino Gammazza A, Conway 
de Macario E, Macario AJI, Cappello F (2020) 
Molecular mimicry may explain multi-organ damage 
in COVID-19. Autoimmun Rev 19(8):102591. https:// 
doi.org/10.1016/j.autrev.2020.102591 

Angileri F, Légaré S, Marino Gammazza A, Conway 
de Macario E, Macario AJL, Cappello F (2020) Is 
molecular mimicry the culprit in the autoimmune hae- 
molytic anaemia affecting patients with COVID-19? 
Br J Haematol 190(2):e92—e93 

Zhou Y, Fu B, Zheng X, Wang D, Zhao C, Qi Y et al 
(2020) Pathogenic T-cells and inflammatory mono- 
cytes incite inflammatory storms in severe COVID-19 
patients. Natl Sci Rev 7(6):998—1002 
Giamarellos-Bourboulis EJ, Netea MG, Rovina 
N, Akinosoglou K, Antoniadou A, Antonakos N 
et al (2020) Complex immune dysregulation in 
COVID-19 patients with severe respiratory failure. 
Cell Host Microbe 27(6):992-1000.e1003. https://doi. 
org/10.1016/j.chom.2020.04.009 

Zhang D, Guo R, Lei L, Liu H, Wang Y, Wang Y et al 
(2020) COVID-19 infection induces readily detectable 
morphological and inflammation-related phenotypic 
changes in peripheral blood monocytes, the severity 
of which correlate with patient outcome. medRxiv. 
https://doi.org/10.1101/2020.03.24.20042655 
Lagunas-Rangel FA (2020) Neutrophil-to-lymphocyte 
ratio and lymphocyte-to-C-reactive protein ratio 
in patients with severe coronavirus disease 2019 
(COVID-19): a meta-analysis. J Med Virol 92:1733. 
https://doi.org/10.1002/jmv.25819. Online ahead of 
print 

Rodriguez L, Pekkarinen P, Tadepally LK, Tan Z, 
Rosat Consiglio C, Pou C et al (2020) Systems- 
level immunomonitoring from acute to recovery 
phase of severe COVID-19. medRxiv. https://doi. 
org/10.1101/2020.06.03.20121582 

Yang X, Yang Q, Wang Y, Wu Y, Xu J, Yu Y et al 
(2020) Thrombocytopenia and its association with 
mortality in patients with COVID-19. J Thromb 
Haemost 18(6):1469—1472 

Lippi G, Plebani M, Henry BM (2020) 
Thrombocytopenia is associated with severe corona- 
virus disease 2019 (COVID-19) infections: a meta- 
analysis. Clin Chim Acta 506:145—148 

Zulfiqar A-A, Lorenzo- Villalba N, Hassler P, Andrés 
E (2020) Immune thrombocytopenic purpura in a 
patient with COVID-19. N Engl J Med 382(18):e43. 
https://doi.org/10.1056/nejmc2010472 

Bomhof G, Mutsaers PGNJ, Leebeek FWG, te 
Boekhorst PAW, Hofland J, Croles FN et al (2020) 
COVID-19-associated immune thrombocytopenia. Br 
J Haematol 190(2):e61—e64 


4T. 


48. 


49. 


50. 


51. 


32. 


53. 


54. 


39: 


56. 


KE 


58. 


59. 


60. 


T. M. Wiggill et al. 


Hindilerden F, Yonal-Hindilerden I, Akar E, Kart- 
Yasar K (2020) Covid-19 associated autoimmune 
thrombotic thrombocytopenic purpura: report of a 
case. Thromb Res 195:136-138 

Lévesque V, Millaire E, Corsilli D, Rioux-Massé B, 
Carrier F-M (2020) Severe immune thrombocytope- 
nic purpura in critical COVID-19. Int J Lab Hematol: 
1-5. X https://doi.org/10.1007/s12185-020-02931-9. 
Online ahead of print 

Capecchi M, Mocellin C, Abbruzzese C, Mancini 
I, Prati D, Peyvandi F (2020) Dramatic presenta- 
tion of acquired TTP associated with COVID-19. 
Haematologica. https://doi.org/10.3324/haema- 
tol.2020.262345. Online ahead of print 

Tang N, Li D, Wang X, Sun Z (2020) Abnormal coag- 
ulation parameters are associated with poor progno- 
sis in patients with novel coronavirus pneumonia. J 
Thromb Haemost 18(4):844-847 

Lüke F, Orsó E, Kirsten J, Poeck H, Grube M, Wolff 
D et al (2020) Coronavirus disease 2019 induces 
multi-lineage, morphologic changes in peripheral 
blood cells. eJHaem 1:376. https://doi.org/10.1002/ 
jha2.44 

Zini G, Bellesi S, Ramundo F, d'Onofrio G (2020) 
Morphological anomalies of circulating blood cells in 
COVID-19. Am J Hematol 95(7):870—872 
Nazarullah A, Liang C, Villarreal A, Higgins RA, 
Mais DD (2020) Peripheral blood examination find- 
ings in SARS-CoV-2 infection. Am J Clin Pathol 
154:319. https://doi.org/10.1093/ajcp/aqaal08 

Chong VCL, Lim KGE, Fan BE, Chan SSW, Ong KH, 
Kuperan P (2020) Reactive lymphocytes in patients 
with COVID-19. Br J Haematol 189(5):844—844 
Foldes D, Hinton R, Arami S, Bain BJ (2020) 
Plasmacytoid lymphocytes in SARS-CoV-2 infection 
(Covid-19). Am J Hematol 95(7):861—862 

Gérard D, Henry S, Thomas B (2020) SARS- 
CoV-2: a new aetiology for atypical lymphocytes. 
Br J Haematol 189(5):845. https://doi.org/10.1111/ 
bjh.16730 

Weinberg SE, Behdad A, Ji P (2020) Atypical lympho- 
cytes in peripheral blood of patients with COVID-19. 
Br J Haematol 190(1):36—39 

Osman J, Lambert J, Templé M, Devaux F, Favre R, 
Flaujac C et al (2020) Rapid screening of COVID-19 
patients using white blood cell scattergrams, a study 
on 381 patients. Br J Haematol 190:718. https://doi. 
org/10.1111/bjh.16943. Online ahead of print 
Wiggill TM, Mayne ES, Willem P (2013) Challenges 
in lymphoma diagnosis in HIV positive patients 
in the South African setting. Transfus Apher Sci 
49(2):157—162 

Gawoski JM, Ooi WW (2003) Dengue fever mim- 
icking plasma cell leukemia. Arch Pathol Lab Med 
127(8):1026—1027 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


Th: 


eb 


25; 


Overview of the Haematological Effects of COVID-19 Infection 


Lippi G, Favaloro EJ (2020) D-dimer is associated 
with severity of Coronavirus Disease 2019: a pooled 
analysis. Thromb Haemost 120(5):876 

Cui S, Chen S, Li X, Liu S, Wang F (2020) Prevalence 
of venous thromboembolism in patients with severe 
novel coronavirus pneumonia. J Thromb Haemost 
18(6):1421—1424 

Bavishi C, Bonow RO, Trivedi V, Abbott JD, Messerli 
FH, Bhatt DL (2020) Acute myocardial injury in 
patients hospitalized with COVID-19 infection: a 
review. Prog Cardiovasc Dis;S0033-0620(20)30123-7. 
https://doi.org/10.1016/j.pcad.2020.05.013. Online 
ahead of print 

Cappello F (2020) Is COVID-19 a proteiform disease 
inducing also molecular mimicry phenomena? Cell 
Stress Chaperones 2(3):381—382 

Vojdani A, Kharrazian D (2020) Potential antigenic 
cross-reactivity between SARS-CoV-2 and human 
tissue with a possible link to an increase in autoim- 
mune diseases. Clin Immunol 217:108480. https:// 
doi.org/10.1016/j.clim.2020.108480 

Albiol N, Awol R, Martino R (2020) Autoimmune 
thrombotic thrombocytopenic purpura (TTP) associ- 
ated with COVID-19. Ann Hematol 99(7):1673—1674 
Zhang Y, Xiao M, Zhang S, Xia P, Cao W, Jiang W 
et al (2020) Coagulopathy and antiphospholipid 
antibodies in patients with Covid-19. N Engl J Med 
382(17):e38. https://doi.org/10.1056/NEJMc2007575 
Hossri S, Shadi M, Hamarsha Z, Schneider R, 
El-Sayegh D (2020) Clinically significant anticar- 
diolipin antibodies associated with COVID-19. J Crit 
Care 59:32—34 

Harzallah I, Debliquis A, Drénou B (2020) Lupus 
anticoagulant is frequent in patients with Covid-19. 
J Thromb Haemost n/a (n/a). https://doi.org/10.1111/ 
jth.14867 

Opoka-Winiarska V, Grywalska E, Rolinski J 
(2020) Could hemophagocytic lymphohistiocytosis 
be the core issue of severe COVID-19 cases? 
BMC Med = 18(1):214.  https://doi.org/10.1186/ 
$12916-020-01682-y 

Dewaele K, Claeys R (2020) Hemophagocytic 
lymphohistiocytosis in SARS-CoV-2 infection. 
Blood 135125 EE EE https://doi.org/10.1182/ 
blood.2020006505 

De Luna G, Habibi A, Deux JF, Colard M, Pham 
Hung d’Alexandry d’Orengiani AL, Schlemmer F 
et al (2020) Rapid and severe Covid-19 pneumonia 
with severe acute chest syndrome in a sickle cell 
patient successfully treated with tocilizumab. Am J 
Hematol 95(7):876—878 

Aydemir D, Ulusu NN (2020) Is glucose-6-phosphate 
dehydrogenase enzyme deficiency a factor in 
Coronavirus-19 (COVID-19) infections and deaths? 
Pathog Glob Health 114(3):109-110 


74. 


TD: 


76. 


Tii 


Zë 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


171 


Hussain FA, Njoku FU, Saraf SL, Molokie RE, 
Gordeuk VR, Han J (2020) COVID-19 infection 
in patients with sickle cell disease. Br J Haematol 
189(5):851-852 

Nur E, Gaartman AE, van Tuijn CFJ, Tang MW, 
Biemond BJ (2020) Vaso-occlusive crisis and acute 
chest syndrome in sickle cell disease due to 2019 
novel coronavirus disease (COVID-19). Am J 
Hematol 95(6):725—726 

de Sanctis V, Canatan D, Corrons JLV, Karimi M, 
Daar S, Kattamis C et al (2020) Preliminary data 
on COVID-19 in patients with hemoglobinopathies: 
a multicentre ICET-A study. Mediterr J Hematol 
Infect Dis 12(1):-e20200406. https://doi.org/10.4084/ 
mjhid.2020.046 

Jamerson BD, Haryadi TH, Bohannon A (2020) 
Glucose-6-phosphate dehydrogenase deficiency: an 
actionable risk factor for patients with COVID-19? 
Arch Med Res:S0188-4409(20)30948-6. https://doi. 
org/10.1016/j.arcmed.2020.06.006. Online ahead of 
print 

Maillart E, Leemans S, Van Noten H, Vandergraesen 
T, Mahadeb B, Salaouatchi MT et al (2020) A 
case report of serious haemolysis in a glucose-6- 
phosphate ` dehydrogenase-deficient ^ COVID-19 
patient receiving hydroxychloroquine. Infect Dis 
(Lond) 52(9):659—661 

He W, Chen L, Chen L, Yuan G, Fang Y, Chen W et al 
(2020) COVID-19 in persons with haematological 
cancers. Leukemia 34(6):1637—1645 

El-Sharkawi D, Iyengar S (2020) Haematological 
cancers and the risk of severe COVID-19: explora- 
tion and critical evaluation of the evidence to date. 
Br J Haematol 190:336. https://doi.org/10.1111/ 
bjh. 16956. Online ahead of print 

Sanchez-Pina JM, Rodriguez Rodriguez M, Castro 
Quismondo N, Gil Manso R, Colmenares R, Gil Alos 
D et al (2020) Clinical course and risk factors for mor- 
tality from COVID-19 in patients with haematologi- 
cal malignancies. Eur J Haematol:597—105. https:// 
doi.org/10.1111/ejh.13493. Online ahead of print 
Davies MA (2020) HIV and risk of COVID-19 
death: a population cohort study from the Western 
Cape Province, South Africa. medRxiv. https://doi. 
org/10.1101/2020.07.02.20145185 

Zhu F, Cao Y, Xu S, Zhou M (2020) Co-infection of 
SARS-CoV-2 and HIV in a patient in Wuhan city, 
China. J Med Virol 92(6):529—530 

Blanco JL, Ambrosioni J, Garcia F, Martinez E, 
Soriano A, Mallolas J et al (2020) COVID-19 in 
patients with HIV: clinical case series. Lancet HIV 
7(5):e3 14-316 

Byrd KM, Beckwith CG, Garland JM, Johnson JE, 
Aung S, Cu-Uvin S et al (2020) SARS-CoV-2 and 
HIV coinfection: clinical experience from Rhode 


172 


96. 


87. 


Island, United States. J Int AIDS Soc 23(7):e25573. 
https://doi.org/10.1002/j1a2.25573 

Toombs JM, Van den Abbeele K, Democratis J, 
Merricks R, Mandal AKJ, Missouris CG (2020) 
COVID-19 in three people living with HIV in 
the United Kingdom. J Med Virol. https://doi. 
org/10.1002/jmv.26178. Online ahead of print 

Shalev N, Scherer M, LaSota ED, Antoniou P, Yin 
MT, Zucker J et al (2020) Clinical characteristics and 
outcomes in people living with human immunodefi- 
ciency virus hospitalized for Coronavirus Disease 


88. 


59. 


90. 


T. M. Wiggill et al. 


2019. Clin Infect Dis:jiaa380. https://doi.org/10.1093/ 
infdis/jiaa380. Online ahead of print 

Opie J (2012) Haematological complications of HIV 
infection. S Afr Med J 102(6):465—468 

Bhardwaj S, Almaeen A, Ahmed Wani F, 
Thirunavukkarasu A (2020) Hematologic derange- 
ments in HIV/AIDS patients and their relationship 
with the CD4 counts: a cross-sectional study. Int J 
Clin Exp Pathol 13(4):756—763 

Volberding PA, Baker KR, Levine AM (2003) Human 
immunodeficiency virus hematology. Hematology 
2003(1):294—313 


| Check for 
| updates | 


S. Louw, B. F. Jacobson, E. S. Mayne, 


and T. M. Wiggill 


Abstract 


The COVID-19 pandemic, caused by the 
SARS-COV-2 virus, was initially considered 
and managed in a similar manner to the previ- 
ous SARS epidemic as they are both caused 
by coronaviruses. What has now become 
apparent is that a major cause of morbidity 
and mortality in COVID-19 is abnormal 
thrombosis. This thrombosis occurs on a 
macro- and microvascular level and is unique 
to this disease. The virus has been demon- 
strated in the endothelium of the pulmonary 
alveoli and as such is thought to contribute to 
the devastating respiratory complications 
encountered. D-dimer concentrations are fre- 
quently raised in COVID to levels not fre- 
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quently seen previously. The optimal 
anticoagulation treatment in COVID remains 
to be determined, and the myriad of patho- 
physiologic effects caused by this virus in the 
human host have also yet to be fully 
elucidated. 
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15.1 Background 

In December 2019, a disease (COVID-19), 
caused by the novel severe acute respiratory syn- 
drome coronavirus (SARS-COV-2), was docu- 
mented in the city of Wuhan in the Hubei province 
in China, which rapidly spread to the rest of the 
world. To date, according to the World Health 
Organisation (WHO), there have been more than 
17 million COVID-19 infections and 677 thou- 
sand deaths in 216 countries, with an estimated 
mortality rate of approximately 3.9% (as of July 
31, 2020). As the world struggles with the health, 
social, and economic impact of this pandemic, 
the medical fraternity is assessing various aspects 
of this viral disease with scientific publications 
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detailing the involvement of multiple organ sys- 
tems in the human host [1, 2]. 


15.2 Coagulation System 


The coagulation system is integral to the innate 
immune response to severe infection and patients 
with severe COVID-19 disease commonly pres- 
ent with systemic coagulation abnormalities such 
as disseminated intravascular coagulation (DIC) 
and other thrombotic microangiopathies [3]. As 
such, the International Society on Thrombosis 
and Haemostasis (ISTH) recommends measuring 
D-dimers, prothrombin time (PT), activated par- 
tial thromboplastin time (aPTT), and platelet 
count in all hospitalised patients with COVID-19 
[4]. Patients with the disease are also predisposed 
to both venous and arterial thromboembolism, 
related to a hypercoagulable state [5-7]. 


15.3 COVID-19 Coagulopathy 


The SARS-COV-2 virus gains access to human 
cells by binding to the angiotensin-converting 
enzyme (ACE) 2 proteins on cell membranes of 
various human tissues including the heart, lungs, 
and brain with an estimated 20-fold increased 
affinity compared to SARS-COV [8, 9]. Viral 
DNA has consequently been detected in multiple 
organs including alveolar type II epithelial cells 
and monocytes [9]. Cell invasion by SARS- 
COV-2 also depends on the availability of the pro- 
tease transmembrane protease serine 2 
(TMPRSS-2) [10]. SARS-COV-2 viral infection 
consequently results in significant inflammation 
because of wide tissue distribution and release of 
pro-inflammatory cytokines culminating in a sys- 
temic inflammatory response syndrome (SIRS) 
with multiorgan dysfunction (MODS) related to 
accelerated cell death in many organs [11, 12]. 
SIRS results in endothelial cell (EC) damage sec- 
ondary to complement activation, direct viral 
infection of ECs, and the cytolytic action of cyto- 
toxic T cells. Damage to ECs with activation of 
the coagulation system manifests as an immu- 
nothrombotic syndrome with generalised small 
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vessel vasculitis and microthrombosis resulting 
in a consumptive coagulopathy [11—13]. 

Approximately 71% of patients (in some stud- 
ies) who died from COVID-19 met the ISTH 
scoring criteria for DIC (Table 15.1), and it is 
therefore recommended that laboratory tests in 
patients admitted with COVID-19 should include 
the markers of haemostasis included in this scor- 
ing system [14, 15]. 

Repeated measurements of these markers may 
be indicated to identify a worsening coagulopa- 
thy which may warrant an increase in the level of 
care, blood product support, and possibly thera- 
pies including anticoagulation and immunosup- 
pression therapy [3, 13]. 

D-dimer levels on admission serves as a prog- 
nostic marker of the severity of COVID-19 dis- 
ease with levels greater than 2.0 pg/mL (i.e., a 
fourfold increase) predicting in-hospital mortal- 
ity [17-19]. The PT in COVID-19 non-survivors 
at admission was also mildly prolonged at a mean 


Table 15.1 International Society on Thrombosis and 
Haemostasis (ISTH) scoring criteria for disseminated 
intravascular coagulation (DIC) [3, 16] 


Assigned 
Criteria: score: Relevance in COVID-19 
Platelet count 2100-20 | Thrombocytopaenia 
(x 10°43) 50— may be prognostic, but 
992] this 1s inconsistent [17] 
<50=2 
Fibrinogen (mg/ | >100=0 | Decreased in patients 
dL) <100=1 | progressing to overt 
DIC [3] 
Prothrombin <3 =0 May be subtly 
time (PT) 36=1 prolonged (15.5 s for 
prolongation x6 = survivors vs 13.6 s for 
above upper non-survivors) [3] 
limit of normal 
(ULN) 
(seconds) 
D-dimer «220 Levels 22.0 ug/mL 
increase above o4 22 predict mortality 
upper limit of sd 4 [17-19] 
normal (ULN) 
(ng/mL) 
Total score <5 = No 
overt 
DIC 
21S 
Overt 
DIC 
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level of 15.5 s versus 13.6 s in survivors. This 
subtle prolongation in PT may not be appreciated 
if the PT is converted to an international nor- 
malised ratio (INR) [3]. Low platelet count 
(thrombocytopenia) is an indicator of sepsis- 
related mortality in critically ill patients [20], but 
this is not consistently the case in COVID-19 
patients. Studies have documented platelet counts 
of less than 100 x 10?/L in as few as 596 of hospi- 
talised COVID-19 patients on admission [21], 
but lower platelet counts correlate with mortality 
[22]. Thrombocytopenia at the time of admission 
may therefore be a prognostic marker but is 
inconsistent [17]. Measuring fibrinogen and anti- 
thrombin levels may also be of value as decreased 
levels are indicative of progression to an overt 
DIC [3]. 


15.4 Thrombotic Manifestations 


There is an increased prevalence of venous 
thromboembolic disease (V TED) in patients with 
COVID-19 [23], and this is associated with poor 
prognosis. It is unclear whether the risk of VTED 
is greater for COVID-19-related sepsis than for 
other septic processes [24]. Hypercoagulability 
relates to cytokine release [including interleukin 
(IL)-1, IL-6 and tumour necrosis factor alpha 
(TNF-«)], hypoxia, immobilisation, and dehy- 
dration. Interestingly, DIC also appears to con- 
tribute to the increased risk of VTED [5, 25-29]. 
Increasing age and presence of a coagulopathy 
denoted by prolongation of the PT and aPTT, 
although counterintuitive, were independent pre- 
dictors of thrombotic complications in a study on 
184 Dutch patients admitted to the intensive care 
unit (ICU) with COVID-19 pneumonia [25]. 
Deep vein thromboses (DVTs) and pulmonary 
emboli (PE) have been documented in up to 27% 
of patients with COVID-19 admitted to ICU with 
PE constituting 80% of events [25]. VTED can 
occur despite prophylactic anticoagulation ther- 
apy [5, 25, 30]. Pulmonary thrombi in COVID-19 
may not be embolic but rather related to in situ 
pulmonary thrombosis secondary to endotheliitis 
[24]. Thromboses also develop in extracorporeal 
circuits for continuous veno-venous hemofiltra- 


tion (CVVH) and central venous catheters and 
can also manifest as extensive thrombophlebitis 
[5]. 

The clinical diagnosis of VTED can be chal- 
lenging in ICU patients with COVID-19 because 
of the clinical overlap with the COVID-19 pneu- 
monia and difficulties with clinical examination 
[5, 31]. Radiologic confirmation of VTED may 
be required consisting of Duplex Doppler investi- 
gation for DVT and CT pulmonary angiography 
(CTPA) for PE, which is preferred over ventila- 
tion perfusion scan (VQ scan) because of the 
COVID-19-related lung changes and the risk of 
aerosolised spread of the virus [24, 32]. 

Laboratory evidence of the hypercoagulable 
state in patients admitted with COVID-19 
includes elevated fibrinogen and D-dimer levels 
as well as short clot formation time (CFT) and 
higher maximum clot firmness (MCF) on throm- 
boelastometry [30]. Both D-dimer and fibrinogen 
levels are elevated, and D-dimer levels three— 
fourfold higher than the upper limit of normal are 
an indication for admission irrespective of the 
clinical presentation. Serial monitoring of 
D-dimers may be useful as a sudden elevation 
may denote the development of VTED (although 
a background raised D-dimer may be seen in 
most patients reducing the predictive value) [29]. 
Decreases in the natural anticoagulants, protein 
C, and antithrombin, and increases of plasmino- 
gen activator inhibitor-1 (PAI-1) levels as well as 
presence of antiphospholipid antibodies have 
also been documented in COVID-19 patients and 
contribute to the hypercoagulability [26]. 


15.5 Arterial Thromboses 
15.5.1 Cardiac Events 


Elevation of cardiac biomarkers, such as high- 
sensitivity cardiac troponin (hs-troponin) and 
creatinine kinase-MB (CKMB), is common in 
patients with COVID-19 with an overall preva- 
lence of acute myocardial injury of up to 3896 
and acute myocardial infarction of 2096 [7]. 
There is an apparent linear relationship between 
the magnitude of elevation of cardiac troponin 
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and COVID-19 severity and overall prognosis 
[31, 33, 34]. Additional cardiac manifestations of 
COVID-19 include arrhythmias, worsening of 
existing or new onset of heart failure which can 
be exacerbated by electrolyte disturbances, 
hypoxia, and myocardial ischaemia [31, 35]. 

Although the pathogenesis of myocardial 
injury in COVID-19 is not completely under- 
stood, the following mechanisms are postu- 
lated: (1) respiratory failure with hypoxic 
damage to cardiac muscle [36]; (2) inflamma- 
tory cytokine storm resultant myocarditis [37]; 
(3) direct endothelial injury by SARS-CoV-2 
viral infection and/or host inflammatory 
response [38]; (4) downregulation ofACE-2 
receptor expression with loss of subsequent 
protective anti-inflammatory, antioxidative, and 
vasodilatory signalling pathways in cardiac 
myocytes [37, 39]; (5) general hypercoagula- 
bility with coronary microvascular thrombosis 
[40]; and (6) inflammation and cardiac strain 
with coronary plaque rupture and myocardial 
ischemia/infarction (MI) [7]. COVID-19 viral 
RNA has been detected in autopsied human 
heart specimens of patients who died from this 
viral infection [41]. 

Since acute myocardial injury in COVID-19 
can be asymptomatic and indicated only by 
underlying elevation of cardiac troponins, vari- 
ous guidelines have been issued with respect to 
laboratory testing in patients with COVID-19. 
The Chinese Clinical Guidance for COVID-19 
Pneumonia, the WHO document on the manage- 
ment of severe COVID-19, the Asian Critical 
Care Clinical Trials Group, and the British 
Medical Journal Best Practice guidelines all 
advocate for testing of troponins on admission 
with repeat testing when clinically indicated, but 
the American College of Cardiology supports 
testing only if clinically indicated [7]. Evaluation 
of pro-brain natriuretic peptide (BNP) should be 
considered if clinical evidence of cardiomyopa- 
thy is present [42]. Special investigations that 
may be indicated include echocardiography, right 
and left cardiac catheterization with placement of 
a pulmonary artery catheter for continuous hemo- 
dynamic monitoring, and cardiac magnetic reso- 
nance imaging (MRI) [7]. 
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15.5.2 Cerebrovascular Accidents 


The precise incidence of cerebrovascular acci- 
dents (CVAs), Le, strokes, in patients with 
COVID-19 is not known, but it is apparent that 
this is an important complication and has been 
reported in up to 5.7% of patients with severe dis- 
ease [43]. COVID-19-related CVAs are predomi- 
nantly ischaemic, involving large cerebral vessels 
although haemorrhagic strokes have also been 
described [43]. These events seem to correlate 
with underlying severity of systemic disease, the 
presence of comorbidities such diabetes and 
hypertension and inflammation in older patients, 
and the degree of hypercoagulability in younger 
patients [44]. 

Human brain endothelial cells display ACE II 
receptors, and it 1s postulated that viral interac- 
tion with these receptors and the downstream 
effects are pathophysiological in COVID-related 
ischaemic CVAs [37]. Antiphospholipid antibod- 
ies have also been demonstrated in patients with 
COVID-19, and together with endothelial dys- 
function and a general hypercoagulable state 
could be contributory [6]. The possibility also 
exists that strokes in patients with COVID may 
relate to thromboses in the pulmonary veins 
which migrate to the left atrium or paradoxical 
emboli via a patent foramen ovale created by the 
high pulmonary pressures. 


15.6 Microvascular Thrombosis 
and Endothelitis 


Thromboses in the microvascular compartment 
of the circulation play an important role in the 
pathogenesis of organ dysfunction in COVID-19. 
The microvascular thrombosis in COVID-19 and 
in related disorders is referred to as throm- 
boinflammation since inflammation, together 
with hypercoagulability and loss of physiological 
inhibitory control of the coagulation and the 
innate immune system are pivotal in its develop- 
ment [45, 46]. Healthy microvascular endothe- 
lium has powerful antithrombotic properties 
including a heparin sulphate-containing endothe- 
lial glycocalyx [45]. It is not possible to detect 
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thromboses in the microvasculature with com- 
mon imaging techniques, and the diagnosis of 
thrombotic microvascular disease usually relies 
on clinical, laboratory, and histological observa- 
tions [47]. 

Histopathological studies have highlighted 
the crucial role of ECs in the vascular dysfunc- 
tion, inflammation, and immunothrombosis in 
COVID-19. Direct viral infection of endothelial 
cells and diffuse, inflammation-related endothe- 
liitis with mononuclear cell infiltrate have been 
demonstrated as well as the presence of micro- 
vascular thrombosis in the various organs 
including the kidney, heart, lung, and liver [15, 
38, 45]. ACE 2 and TMPRSS-2, present on the 
surface of arterial and venous ECs, mediate 
direct viral entry and damage. Pro-inflammatory 
cytokines in COVID-19 suppress natural anti- 
thrombotic and anti-inflammatory functions of 
ECs with coagulation system, complement and 
platelet activation, and leukocyte influx into the 
microvasculature [48]. Complement deposition 
with associated microvascular injury and throm- 
bosis has been described in the lungs of COVID- 
19 patients [49]. Surrogate markers of EC 
dysfunction, von Willebrand factor and PAI-1 
levels, are also increased [15]. However, the 
COVID-19 microangiopathic thrombosis does 
not present with the laboratory features of 
thrombotic thrombocytopenic purpura (TTP). 
The platelet counts in severe COVID-19 are 
usually relatively preserved, and red cell frag- 
ments (schistocytes) are not a prominent fea- 
ture. There are only limited case studies in the 
literature describing patients with COVID-19 
and features of TTP [50—52]. 


15.7 Treatment 
Recommendations 
for COVID-19-Related 
Coagulation Abnormalities 


Complete guidance on the treatment recommen- 
dations of COVID-19-related haemostatic abnor- 
malities is outside the scope of this review, but 
prophylactic treatment anticoagulation is recom- 
mended particularly in admitted patients. 
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Prophylactic dose low molecular weight hepa- 
rin (LMWH) should be considered in patients 
with COVID-19 coagulopathy as inhibiting 
thrombin generation may improve outcomes in 
critically ill coagulopathic patients [53]. LMWH 
has anti-inflammatory properties and also pro- 
tects against VTED. The contraindications for 
LMWH in COVID-19 patients with a coagulopa- 
thy include active bleeding and platelet counts 
«25 x 10°/L but not prolonged time-to-clot 
assays, such as PT and aPTT. LMWH activity 
monitoring with an anti-Factor Xa (a-FXa) assay 
is advised in all patients as the standard dose of 
anticoagulation may not protect against VTED in 
these patients and higher doses (enoxaparin at 
0.5mg/kg twice daily) may be required. Bleeding 
is rare in patients with COVID-19, but the ISTH 
guidelines with respect to management can be 
followed if it does occur [54]. 

VTED prophylaxis is indicated in all patients 
with severe COVID-19 and for at least 7-14 days 
after discharge. Evidence is however emerging 
for all hospitalised patients with mild to moder- 
ate disease to also receive VTED prophylaxis in 
the absence of contraindications. Mechanical 
intermittent pneumatic compression is advocated 
in individuals with a contraindication to antico- 
agulation therapy [24]. 

Therapeutic dose anticoagulation is indicated 
in patients with confirmed VTED and in patients 
with a clinical suspicion of VTED and the pres- 
ence of high-risk parameters if radiologic imag- 
ing is not feasible. Anti-FXa LMWH activity 
monitoring is indicated to ensure adequate anti- 
coagulation [29]. Although possibly a reasonable 
approach, given the hypercoagulable state, the 
use of therapeutic doses of heparin in all hospital- 
ised patients with severe COVID-19 is currently 
not supported by scientific evidence outside of 
treatment of VTED or as bridging therapy in 
patients on vitamin K antagonists (VKA) and 
cannot be recommended. Trials in this regard are 
ongoing [5, 24, 55]. Fibrinolytic therapy in 
patients with ST-elevation MI (STEMI) should 
be considered in addition to cardiac interven- 
tional therapies. Elevated troponins in patients 
with COVID-19 and a low pre-test probability of 
an acute coronary event could be a marker of sys- 
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temic critical illness and should be reviewed in 
conjunction with other markers of inflammation 
[56]. The use of ACE inhibitors (ACEIs) and 
angiotensin receptor blockers (ARBs) in patients 
with COVID-19 infection is currently an area of 
active research [44]. For patients with acute 
COVID-19-related stroke, treatment with fibrino- 
lytic therapy such as tissue plasminogen activator 
(tPA) may be considered, but it is currently not 
clear if other anticoagulants such as LMWH or 
full dose heparin have therapeutic benefit [6]. 
Novel therapies that impact endothelial dysfunc- 
tion in COVID-19 patients, including comple- 
ment inhibitors, are under evaluation [48]. 


15.8 Future Areas of Research 


As our knowledge of the COVID-19 haemato- 
logic abnormalities and coagulopathy expand, it 
is apparent that additional scientific evidence and 
ongoing studies are required. The optimal dose 
and duration of heparin treatment as well as the 
subpopulation of COVID-19 patients with the 
best benefit-harm ratio must be clearly defined. 
The role of nonstandard anticoagulants such as 
thrombomodulin must be established. The effect 
of SARS-CoV-2 on platelet activation and the 
antiviral role of platelets need to be further inves- 
tigated. The utility of non-routine coagulation 
assays such as thromboelastography and point- 
of-care haematology and coagulation assays 
must be clearly established and treatment and 
investigation algorithms compiled. The patho- 
physiological role of endotheliitis and comple- 
ment activation in COVID-19 also warrants 
further research. There are currently over 450 
registered clinical trials worldwide which will 
expand our knowledge of COVID-19 with the 
aim of improved patient outcomes [57]. 
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Abstract 


We conducted a retrospective analysis on 
data of all adults tested for SARS-CoV-2 
across our laboratory network in South 
Africa over a 4-month period. Out of 
842,197 tests, 11.7% were positive and 
88.3% negative. The prevalence of HIV was 
6.25 and 6.31% in the SARS-CoV-2-positive 
and SARS-CoV-2-negative cohort, respec- 
tively (p = 0.444). However, the prevalence 
of HIV-positive individuals in the critical 
cohort (9.15%) was higher than in the non- 
critical group (6.24%) (p = 0.011). Active 
tuberculosis infection was approximately 
50% less in SARS-CoV-2-positive than in 
SARS-CoV-2-negative individuals. The 
prevalence of uncontrolled diabetes was 3.4 
times higher in SARS-CoV-2-positive cases 
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but was not higher in the critical vs. non- 
critical cases (p = 0.612). The neutrophil-to- 
lymphocyte ratio, coagulation markers, 
urea, and cardiac- and liver-related analytes 
were significantly elevated in the critical 
compared to noncritical cases. Platelet 
count and creatinine concentration did not 
differ significantly between the two groups. 
These findings do not support increased 
prevalence of HIV or tuberculosis in indi- 
viduals with SARS-CoV-2 infection but do 
suggest an association of increased disease 
severity with HIV-positive status. 
Uncontrolled diabetes was positively asso- 
ciated with a significantly higher prevalence 
of SARS-CoV-2, and our investigation into 
analyte changes associated with SARS- 
CoV-2 disease severity supported previous 
findings of raised inflammatory markers, 
coagulation markers, liver- and cardiac- 
related analytes, and urea but not for creati- 
nine and platelet count. 
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16.1 Introduction 

The severe acute respiratory syndrome novel 
coronavirus 2 (SARS-CoV-2) that causes the 
coronavirus disease of 2019 (COVID-19) has 
resulted in a worldwide pandemic and continues 
to affect many countries. Although SARS-CoV-2 
is part of the well-known genus of 
Betacoronaviruses, like that of the severe acute 
respiratory syndrome (SARS-CoV) and Middle 
Eastern respiratory syndrome (MERS), current 
research indicates that SARS-CoV-2 is less fatal 
but has much wider community spread due to its 
high reproductive number [1]. COVID-19 also 
differs from the seasonal influenza viral strains 
due to the atypical disease presentation and 
higher resultant mortality rate [2]. 

Although predominantly affecting the respira- 
tory system, COVID-19 is now known to have a 
wide spectrum of clinical manifestations ranging 
from being totally asymptomatic to multiorgan 
and systemic dysfunction [3]. Organ systems 
affected other than the respiratory system include 
the cardiovascular system, the renal system, the 
gastrointestinal system, the immune system, the 
nervous system, and the coagulation cascade [3, 
4]. Due to the wide range of potential systems 
affected, multiple analytes are influenced by 
COVID-19. The role of laboratory medicine in 
COVID-19 has evolved from a predominant 
diagnostic testing role in SARS-CoV-2 reverse 
transcriptase polymerase chain reaction (PCR) 
testing to include testing of analytes that assist 
with staging, prognostication, therapeutic moni- 
toring, and epidemiological surveillance [5]. 

Several serum- and plasma-based tests avail- 
able in routine laboratories have been shown to 
be of value in assessing COVID-19 disease sever- 
ity (both for staging and prognostication), pro- 
gression, and therapeutic monitoring that aid in 
management of the patient [5, 6]. These analytes 
span across different domains of the clinical lab- 
oratory and include biochemistry, hematology, 
and immunochemistry. The International 
Federation of Clinical Chemistry's (IFCC) task 
force evaluation of the latest evidence categorizes 
these markers into the following broad groups: (1) 
proinflammatory response markers (consistent 
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with cytokine storm disease process) and (ii) pro- 
gression to multiorgan damage/failure markers 
(that include system-specific markers for the 
hepatic system, the cardiac system, the coagula- 
tion system, and the renal system) [6]. 

Additionally, newer findings suggest a bidi- 
rectional relationship between COVID-19 and 
diabetes mellitus (DM). It has been previously 
demonstrated that DM is a major risk factor for a 
severe COVID-19 disease course and mortality, 
but now, there are also reports that describe 
patients with COVID-19 and new-onset diabetes 
presenting in severe metabolic acidosis with 
ketosis which suggests a COVID-19-mediated 
mechanism of glucose dysregulation [7, 8]. 
Another study demonstrated the value of a base- 
line serum cortisol concentration in the predic- 
tion of survival rate in patients admitted with 
COVID-19 [9]. Studies such as these show the 
potential value of using biochemical markers 
beyond those included by the IFCC’s task force, 
such as hemoglobin Alc (HbAIC), fasting glu- 
cose, and serum cortisol, for both the evaluation 
of other COVID-19-mediated disease processes 
as well as prognostication. 

Despite emerging evidence from other coun- 
tries on the protective factors of the widely used 
bacille Calmette-Guerin (BCG) vaccine, South 
Africa has not been spared by COVID-19, and the 
number of daily new infections continue to grow 
[10, 11]. At the time of writing, the country has 
already recorded more than 500,000 confirmed 
cases, accounting for more than half of all cases 
on the African continent and the fifth highest case 
number in the world [12, 13]. Despite the high 
number of infections, COVID-19-related deaths 
in the country are surprisingly low with 8153 
deaths recorded at the time of writing, ranking 
36th in the world in terms of deaths/million peo- 
ple [13]. This anomaly, which is also seen in other 
African countries, 1s speculated to be due to the 
younger age demographic, the aggressive govern- 
ment response, and the exposure to a wide range 
of existing infectious diseases and treatment regi- 
mens or a combination of all these factors [14]. 

South Africa is a country already heavily bur- 
dened by the concurrent human immunodefi- 
ciency virus (HIV) epidemic, that causes acquired 
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immunodeficiency syndrome (AIDS), as well as 
mycobacterium tuberculosis (TB) epidemic [15]. 
Studies that evaluate the effect of COVID-19 on 
patients with HIV have not found significantly 
worse outcomes but are limited to case series and 
single-center retrospective analyses with limited 
numbers [16-19]. Studies done on SARS-CoV 
and MERS’ interaction with HIV have found 
lower risk of infection and lower burden of dis- 
ease in patients with HIV, speculated to be due to 
either antiretroviral therapy or distinct immune 
response [18, 20]. It 1s further unclear to what 
extent, if any, immunological function (CD4) and 
HIV viral load impact the susceptibility and out- 
comes in COVID-19. The current literature indi- 
cates that patients with TB are both more 
susceptible to COVID-19 and experience a more 
severe disease course; however, the case numbers 
reported are also relatively low at this stage [21, 
24. 

Although the infectious diseases burden in 
South Africa is of great concern, the country also 
faces significant morbidity and mortality from 
noncommunicable diseases such as DM, hyper- 
tension, cancer, and chronic kidney disease 
(CKD) [23, 24]. Several studies have demon- 
strated the higher rate of susceptibility, as well as 
the poorer outcomes, in patients with concomi- 
tant COVID-19 and these comorbidities [25]. 

South Africa therefore faces a unique chal- 
lenge of both a high communicable and noncom- 
municable disease burden in the face of a 
worsening COVID-19 pandemic and a limited 
health-care infrastructure. To our knowledge, no 
large studies have been done to evaluate the 
changes in laboratory analytes and the impact of 
this unique combination of factors on 
COVID-19. 

The National Health Laboratory Service 
(NHLS) is the national state laboratory of South 
Africa and provides diagnostic services to more 
than 80% of the population [26]. All laboratory 
tests from the NHLS are stored in a single central 
data warehouse (CDW) of the NHLS. 

The aim of this study was to describe the bio- 
chemical and hematological analyte changes 
seen in COVID-19 patients using data from the 
NHLS and to determine the effect of HIV, TB, 
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and DM on the risk for acquiring SARS-CoV-2 
and the outcomes as measured by intensive and 
high care admission. 


16.2 Methods 
16.2.1 Ethical Clearance 


We obtained ethics clearance from the Human 
Research and Ethics Committee of the University 
of the Witwatersrand (clearance certificate num- 
ber: M200424), and data acquisition permission 
was obtained from the NHLS’ academic affairs 
and research office. 


16.2.2 Database Extraction 
and Cleaning 


We extracted data for all individuals who had at 
least one SARS-CoV-2 PCR test done via the 
NHLS between the periods of 1 March 2020 to 7 
July 2020. Patient data was anonymized to pre- 
vent traceability. A 6-month period of demo- 
graphic, biochemical, hematological, and 
infectious disease data was extracted for the indi- 
viduals that had undergone SARS-CoV-2 
testing. 

Test data reflecting chronic diseases such as 
HIV, TB, and DM was taken from a 6-month 
period preceding the SARS-CoV-2 test, but the 
rest of the analyte data was restricted to a time 
window of 7 days prior to and 14 days after 
SARS-COV2 testing to ensure relevancy. 

Stata and Excel were used for dataset han- 
dling, cleaning, and statistical analysis. Data 
cleaning was done by removing patients younger 
than 18 years of age and those with SARS-CoV-2 
PCR results of indeterminate significance. Where 
more than one SARS-CoV-2 result was available 
for an individual, the individual was considered 
"positive" if at least one of the results were posi- 
tive. In such cases, the analyte data accompany- 
ing the prior negative SARS-CoV-2 test was 
excluded from further analysis to ensure that only 
those analytes relevant to the final SARS-CoV-2 
status was used. 
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16.2.3 Comorbid Disease 
Classification 


HIV-positive diagnosis was determined first by 
HIN enzyme-linked immunosorbent assay 
(ELISA) test result, and if that test was not avail- 
able, the presence of an HIV viral load or a CD4 
count was used for HIV-positive classification. 
This approach was taken as national guidelines 
only indicate viral load testing for persons that 
tested HIV positive and started treatment. 
Similarly, HIV is the only disease for which the 
CD4 count is routinely requested and only indi- 
cated as a monitoring tool in patients already 
diagnosed with HIV [27]. 

Active TB infection was determined by ascer- 
taining if a patient had a positive TB test result 
(by GeneXpert®) in the 6-month period prior to 
SARS-CoV-2 testing. 

HbAlIc data were used as proxy to classify 
patients with an HbA 1c <6.5% as “nondiabetic or 
controlled diabetic" and those with an HbAlIc 
result of 26.596 as “uncontrolled diabetic." 


16.2.4 Descriptive Statistics 


Descriptive statistics were performed on the 
whole cohort as well as the "positive" and *nega- 
tive" subsets to calculate the overall prevalence 
of SARS-CoV-2 infection. We reported age as the 
mean and standard deviation and categorical data 
as proportions. 


16.2.5 Categorization by Ward 
as Proxy for Disease Severity 


Outcome data were not available, but intensive 
care unit (ICU), high-care, and critical-care 
admissions were ascertained by using the ward 
description data to identify 1f a patient was admit- 
ted to one of these wards by filtering for wards 
that contained the word “ICU,’ “intensive care,’ 
"high care," and “critical care.” Patients admitted 
to any one of these wards with SARS-CoV-2- 
positive results were classified as “critical 
COVID-19." Patients without admission to any 
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of these types of wards were classified as “non- 
critical COVID- 19." 


16.2.6 SARS-CoV-2-Associated 
Analyte Changes 


We evaluated differences in commonly requested 
analytes, as well as those that have been shown to 
reflect SARS-CoV-2-associated changes in liter- 
ature, between the “critical SARS-CoV-2" and 
“noncritical SARS-CoV-2" cohorts. We calcu- 
lated the median and interquartile range (IQR) 
for all analytes. Analytes were grouped by physi- 
ological system as follows: inflammatory 
[C-reactive protein (CRP), IL-6, procalcitonin 
(PCT), ferritin, erythrocyte sedimentation rate 
(ESR)], coagulation (D-dimer, INR, fibrinogen), 
full blood count [white cell count (WCC) total, 
red cell count, hemoglobin, hematocrit, mean 
corpuscular volume, mean corpuscular hemoglo- 
bin, mean corpuscular hemoglobin concentra- 
tion, red cell distribution width, platelet count], 
WCC differential [absolute count, neutrophil, 
lymphocyte, monocyte, eosinophil, basophil, as 
well as the neutrophil-to-lymphocyte ratio 
(NLR)], liver related [aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), gamma- 
glutamyl transferase (GGT), lactate dehydroge- 
nase (LDH), total bilirubin, albumin)], cardiac 
related [troponin T, troponin I, N-terminal pro 
b-type natriuretic peptide (NT-proBNP)], endo- 
crine related (HbA 1c), and renal function related 
[urea, creatinine, estimated glomerular filtration 
rate (eGFR)]. 


16.2.7 DM, HIV, and SARS-COV2 
Infection 


Individuals that had undergone at least one 
HbAl1c measurement within the 6-month period 
preceding SARS-CoV-2 testing were further ana- 
lyzed by stratifying their HbAlc measurement 
into one of four categories: (1) optimal control 
and normal (<5.7%), (2) controlled or prediabetic 
(5.7-6.49%), (3) uncontrolled diabetic (6.5— 
10%), and (4) poorly controlled diabetic (>10%). 
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Where more than one result was available for a 
patient, the mean of the HbAIc results was used. 
The prevalence of a SARS-CoV-2-positive test 
was then calculated for each of these categories 
to assess the effect of glycemic control on the 
probability of infection. 

A similar approach was used to stratify indi- 
viduals that had at least one CD4 count done in 
the 6-month period prior to SARS-CoV-2 testing. 
In the few instances where there was more than 
one CD4 count available per individual, the mean 
CD4 count was used. CD4 counts were catego- 
rized into one of eleven bins, with increments of 
100 cells/uL between bins, ranging from 0—99 
cells/uL (bin 1) to 21000 cells/uL (bin 11). 
SARS-CoV-2 prevalence was calculated for each 
of these bins to compare the influence of immu- 
nosuppression on the risk of infection. 

To assess the effect of HIV coinfection on the 
severity of SARS-CoV-2, the HIV-positive preva- 
lence was calculated for the severe SARS-CoV-2 
and non-severe SARS-CoV-2 groups, as well as 
the mean CD4 count for these two groups. 


16.2.8 Statistical Analysis 


The statistical significance between groups for 
all results was calculated by Wilcoxon rank-sum 
test. For the difference in age, the Student's 
t-test was used. Pearson's chi-square test was 
used for evaluating the difference in sex and the 
prevalence of TB, HIV, and DM. A p-value of 
«0.05 was regarded as significant, regardless of 
the statistical method used. We used Stata SE 
14.1 (StataCorp, Texas, USA) for all data 
analyses. 


16.3 Results 


16.3.1 Demographics and Prevalence 
of HIV, TB, 
and Uncontrolled DM 


We retrieved 909,818 individuals’ SARS-CoV-2 
PCR results, and after excluding all indetermi- 
nate PCR results and results for individuals less 
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than 18 years of age, the cohort consisted of a 
total of 842,197 unique individuals (Fig. 16.1). 
As seen in Table 16.1, 11.7% (98,335) of these 
individuals had at least one positive SARS-CoV-2 
PCR test, and 88.396 (743,862) tested negative. 
The mean age for the positive group was 
42.3 + 15.0 years vs. 42.6 + 14.7 years in the 
negative group, and female prevalence was 
61.6% (60,545) vs. 56.3% (419,011) (p < 0.001 
for both), respectively. 

The overall prevalence of HIV was 6.3% and 
did not differ significantly between the groups. 
Active TB was found in 6256 of the 842,197 
SARS-CoV-2-tested individuals, resulting in a 
prevalence of 743 cases per 100,000. The TB 
prevalence was significantly different between 
the two groups in our study, with the SARS-CoV- 
2-negative individuals displaying almost twice 
the number of active TB cases than the SARS- 
CoV-2-positive group (0.79% and 0.40%, respec- 
tively, p < 0.001). 

SARS-CoV-2-positive patients had a signifi- 
cantly increased prevalence of uncontrolled DM 
compared to those that tested negative, with 
prevalence values of 4.61% and 1.36%, respec- 
tively (p < 0.001). 


16.3.2 Laboratory Analyte Findings 


Of the 98,335 individuals that tested positive, 
12,270 had at least one additional test within the 
defined time period around their SARS-CoV-2 
test. Of these individuals, only 142 (1.16%) were 
admitted to an ICU or high-care ward, meeting 
our criteria to be classified as “critical 
SARS-CoV-2.” 

The critical group displayed significantly ele- 
vated levels of CRP, PCT, and WCC, but not 
IL-6, ferritin, or ESR. In addition to the raised 
total WCC, the comparison of the differential 
count also revealed higher neutrophil and lower 
lymphocyte count in the severe group, resulting 
in a significantly increased NLR of 9.18. The 
eosinophil count did not differ significantly 
between the two groups (Table 16.2). 

The D-dimer and INR values were signifi- 
cantly raised in the critical group. Despite the dif- 
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Table 16.1 Descriptive statistics of the negative and positive cohorts of SARS-COV-2-tested individuals 


SARS-COV-2 negative SARS-COV-2 positive p-value 


Number of individuals (n; %) 
Age (mean; +SD) 

Female sex (n; %) 

HIV+ (n; %) 

Active TB (n; %) 
Uncontrolled DM (n; %) 


001 
<0.001 
6146 (6.25) 
<0.001 
«0.001 


0.444 


6, fraction expressed in percentage of total number of individuals in the negative or positive cohorts; SD standard devia- 
tion, n sample size, TB mycobacterium tuberculosis infection, DM diabetes mellitus 


ference in the former two coagulation markers, 
fibrinogen was not significantly different between 
the groups. 

Among the other hematological analytes, the 
red cell count (RCC), hemoglobin, hematocrit, 
and mean corpuscular hemoglobin concentration 
(MCHC) were all decreased in the critical group, 
while the red cell distribution width (RDW) was 
increased. No significant difference was found in 
the platelet count between the two groups. 

The transaminases and GGT were higher in 
the critical group. Total bilirubin was not statisti- 
cally different between the groups and was well 
within the normal range. LDH displayed 
increased values in the critical group, whereas 
the albumin concentration was decreased. Both 


troponin T and NT-proBNP were markedly raised 
in the critical group. 

HbAlc did not differ significantly. The renal 
function markers indicated a heterogeneous 
result with the urea significantly raised in the 
critical patients, but both the creatinine and eGFR 
were failing to show a difference between the 
groups. 


16.3.3 Impact of HIV Viral Load 
and CD4 Count on Prevalence 
and Severity 


From Table 16.3, we can see that patients with 
critical SARS-CoV-2 had a higher prevalence of 
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Table 16.3 Severity of SARS-COV-2 as stratified by 


HIV status 

SARS-COV-2 positive 

Noncritical (n; | Critical (n; 
HIV metric %) %) p-value 
HIV- or unknown | 91,792 (93.8) | 397 0.011 
(n; %) (90.8) 
HIV+ (n; %) 6106 (6.2) 40 (9.2) 
CD4 count 562 647 0.378 
(median; IQR) (291—660) (412— 

661) 


HIV than the noncritical SARS-CoV-2 group. 
The mean CD4 counts among the severe group 
were higher than that of the noncritical group, 
although not statistically significant (p = 0.378). 
There were only 10 patients in the critical group 
with a viral load result, thus limiting meaningful 
analysis on the effect of HIV viral load suppres- 
sion on the severity of SARS-CoV-2. There were 
26,315 individuals that had both a CD4 count and 
a SARS-CoV-2 PCR test. The effect of CD4 
count on the prevalence of SARS-CoV-2 revealed 
a bimodal prevalence of SARS-CoV-2 among the 
different CD4 count stratified groups (Fig. 16.2). 
It was highest in those with CD4 counts of 300— 
399 cells/uL and 900-999 cells/uL at 17.6% and 
lowest in those with CD4 counts of 0—99 cells/uL 
(7.196) and 600—699 cells/uL (8.6%) (p « 0.001). 


16.3.4 Impact of DM on Severity 


Across all the SARS-COV-2-positive individuals 
with HbAIc results, only 26.4% had an HbAlc 
of less than 6.5%. The prevalence of HbAlc 
>6.5% was higher in the critical group although 
this was not statistically significant (Fig. 16.3). 


16.4 Discussion 


We have reported on laboratory changes seen in 
patients admitted to public health facilities across 
South Africa. Our findings indicate a relatively 
young average age (42.3 + 15.0 years). In addi- 
tion, 1.16% of all cases were classified as critical, 
and we did not show a higher prevalence of TB 
with COVID-19-infected cases. Although HIV 


was more prevalent in our critical group, the CD4 
count was not different between the critical and 
noncritical groups. The inflammatory-, coagula- 
tion-, cardiac-, and liver-related analytes were 
significantly elevated in the critical group com- 
pared to the noncritical group. 

Age is a well-known risk factor for COVID-19 
disease severity and mortality, with an average 
age for fatalities as high as 81 years reported in 
Italy [28, 29]. In this regard, the younger age 
structure of the South African population, also 
evident in SARS-CoV-2 testing results, differs 
and may confer a survival benefit. Although more 
females tested positive for SARS-CoV-2, males 
experienced statistically significantly more 
severe COVID-19. This pattern is not unique to 
South Africa but 1s seen across the world [30]. 

Our reported prevalence of critical cases was 
similar to the reported figures in South Africa 
[31]. Because we limited the analysis to individu- 
als that had at least one other chemical or hema- 
tological test within the period around the 
SARS-CoV-2-positive test, the  noncritical 
SARS-CoV-2 set was effectively a "moderate: 
severe" COVID-19 group as most of these indi- 
viduals were admitted to hospital but not an ICU 
or high-care ward. 

Although we did not show a higher prevalence 
of SARS-CoV-2 among patients with either HIV 
or TB, there were proportionately more 
HIV-positive cases who were critical than non- 
critical. The similar prevalence of HIV-positive 
individuals in both the SARS-CoV-2-positive and 
SARS-CoV-2-negative groups was in keeping 
with the findings of limited previous research 
indicating a similar or even lower prevalence of 
SARS-CoV-2, SARS-CoV, and MERS in HIV- 
positive individuals compared to the general pop- 
ulation [18—20]. It has been suggested that this is 
due to the effect of antiretroviral medication and/ 
or the unique immune reaction on the infectivity 
of novel coronaviruses [18, 19]. In contrast to our 
findings, some studies have suggested that CD4 
counts are lower in patients with severe 
COVID-19; however, the findings are not consis- 
tent. For example, a recent meta-analysis reported 
significantly decreased CD4 levels in patients 
with severe COVID-19 and an increase in CD4 
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Fig. 16.3 Frequency of HbAlc control values in the critical and noncritical SARS-COV-2 groups (n = 6158; 
p-value = 0.612) 


count when symptoms improved [32]. CD4 
counts were shown to be lower in the 12 studies 
conducted in China but not in the one study out- 
side of China. However, the meta-analysis did 
not indicate HIV prevalence [32]. The bimodal 
distribution, when assessing the relationship 
between the CD4 count and prevalence of SARS- 
CoV-2, was unexpected. We found no studies 
assessing the risk of contracting SARS-CoV-2 
based on CD4 count, but because it is a marker of 
immunosuppression, we expected an increased 
prevalence among CD4-suppressed individuals 
[33]. We cannot explain this distribution, and 
although it was statistically significant, we can- 


not rule out the possible effect of confounders on 
the relationship. The finding of significantly 
lower active TB rates among SARS-CoV-2- 
positive individuals was also unexpected. Both 
active and previous TB have been reported as risk 
factors for increased COVID-19-related morbid- 
ity and mortality [34]. Unfortunately, our data on 
TB status of patients admitted to ICU and high- 
care wards were too limited to allow investiga- 
tion of this in our study. 

The increase in inflammatory markers, which 
was higher in critical patients, is in keeping with 
reports from other parts of the world [35]. Of 
note, many of these analytes were significantly 
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raised even in the non-severe group. IL-6 has 
been widely reported as one of the early cyto- 
kines involved in the “cytokine storm” that causes 
the progression to severe COVID-19 [36, 37]. 
IL-6 is therefore also measured as a biochemical 
marker for disease severity and prognostic marker 
[37]. IL-6 measurement is not as widely offered 
in South African clinical laboratories. However, 
CRP, an acute-phase protein upregulated by IL-6, 
is offered widely and has also been shown to pre- 
dict severity and the need for mechanical ventila- 
tion [38]. 

The WCC differential, especially the NLR, 
has also been proven to offer valuable informa- 
tion as a severity prediction marker [39]. Our 
analysis of the WCC differential is in keeping 
with the literature on the association between 
severe COVID-19 and lymphocytopenia as well 
as neutrophilia [35, 40]. This was also evident in 
the NLR, which was markedly raised in the criti- 
cal group. The mechanism suggested for the 
increased neutrophil count is upregulation by 
proinflammatory cytokines as part of the “cyto- 
kine storm" process, while the lymphocytopenia 
may be multifactorial. The latter may be due to 
systemic inflammatory suppression of cellular 
immunity, resulting in a decrease in lymphocytes, 
as well as lysis and apoptosis. Lymphocytes 
express the ACE2 receptor, thus promoting viral 
entry and ultimate lysis, and cytokines like IL-6, 
IL-2, granulocyte-macrophage colony- 
stimulating factor (GM-CSF), and TNF-alpha 
promote apoptosis [40, 41]. In light of the prom- 
ise shown by widely available CRP and the NLR 
as prognostic and severity markers, the utility of 
these markers should be explored further in 
Africa and other low-resource settings for the 
early identification of critically ill patients. 

Our study also supported a lesser reported 
observation of severely depressed eosinophil 
counts in both the critical and noncritical groups. 
The reason for the dramatic decrease in eosino- 
phils has not yet been elucidated, but it has been 
shown to be a good marker of prognosis and even 
diagnosis of COVID-19 (in combination with the 
NLR) and is one of the earliest analytes to return 
to baseline levels, signifying recovery [42, 43]. 
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Abnormalities of the coagulation and fibrino- 
lytic pathways are associated with disease sever- 
ity and can be used to predict prognosis and 
outcomes [35, 36, 44]. The increased D-dimers 
that we report is clinically relevant in light of 
research that found that 7596 of non-survivors in 
one study had a D-dimer of >1.3 mg/L [44]. 
Despite the markedly raised D-dimer levels, there 
was no statistically significant difference in the 
levels of fibrinogen between the two groups. This 
might be due to the use of prophylactic low 
molecular weight heparin administration to 
immobile hospitalized patients, particularly those 
admitted to ICU. Fibrinogen is also a positive 
acute-phase reactant, which could explain the 
increased levels in both groups. 

Although not widely evaluated and reported, 
the erythrocyte concentration and red blood cell 
indices changes associated with SARS-CoV-2 
and the severity of COVID-19 have been 
described in other studies [45, 46]. Our study also 
showed a significant decrease in hematocrit, 
hemoglobin, and RCC, as well as an increased 
RDW. The RDW is a numerical measure of size 
variability of circulating erythrocytes and has 
been reported to be a strong and independent 
indicator of adverse outcomes in the general pop- 
ulation. It has also been shown to be associated 
with morbidity and mortality in people with pre- 
vious myocardial infarction [47, 48]. The mecha- 
nism for anemia has not been clearly described, 
but theories on immune damage to the bone mar- 
row, autoimmune hemolytic anemia, and anemia 
of chronic disease have been proposed [45, 49]. 

Our finding of relatively normal platelet 
counts with no significant difference between 
critical and noncritical patients is different to 
those reported in a meta-analysis on 1799 patients 
evaluating the relationship between COVID-19 
severity and platelet count which showed that 
platelet counts decreased in severe cases [50, 35]. 
However, the studies included in the meta- 
analysis displayed high heterogeneity, with one 
study supporting increased platelet count, four 
studies supporting a decrease in platelet count, 
and four studies supporting no difference in 
platelet count between severity groups [50]. 
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The widespread organ damage caused by 
COVID-19 is evidenced by the changes in car- 
diac-, liver-, and kidney-related analytes as well 
as the hematological manifestations of COVID-19 
that we have described [51—53]. The effect of the 
cytokine storm on cardiac myocytes, direct myo- 
cyte injury by the virus (resulting in myocardi- 
tis), and hypoxia due to oxygen supply/demand 
mismatch have all been proposed as possible 
mechanisms for cardiac damage [52]. Regardless 
of the underlying mechanism, many previous 
studies evaluating the measurement of cardiac- 
related analytes such as troponin, NT-proBNP, 
and LDH clearly display an increase which is 
also related to disease severity and a strong indi- 
cator of prognosis [51, 52, 54, 55]. The reason for 
the discrepancy in the relationship between 
severity for troponin T and I in our study is 
unclear, but it was evident that the troponin I 
result had greater variation. 

Similarly, we showed significant changes 
between the SARS-CoV-2 severity groups for all 
liver-related analytes, with the exception of total 
bilirubin in keeping with a number of other stud- 
ies [53, 56]. The proposed mechanism behind the 
elevated liver-related enzymes is due to direct 
liver injury by the SARS-CoV-2 virus due to the 
abundance of ACE2 receptors in the liver [53]. It 
is uncertain how preexisting liver disease influ- 
ences liver injury in patients with COVID-19, 
and this needs to be evaluated in our context 
where there is a high burden of liver disease from 
viral causes such as hepatitis A and B and HIV as 
well as from alcohol and nonalcoholic 
steatohepatitis. 

LDH secretion is known to be triggered by 
cell membrane necrosis, which is a process that is 
highly upregulated in SARS-CoV-2 infection and 
increases with progression to severe COVID-19 
[35, 57, 58]. Due to this strong relationship, also 
evident in our study, LDH has been proposed as a 
good biomarker for disease severity which also 
correlates with chest computed tomography scan 
data for pneumonia severity [35]. As albumin is a 
negative acute-phase reactant, its decrease has 
also been shown to strongly correlate with dis- 
ease progression [35]. 
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Despite evidence of CKD association with 
severe forms of COVID-19, as well as the 
reported propensity of acute kidney injury (AKI) 
to develop in severe cases, we did not find sig- 
nificantly raised creatinine or eGFR, and there 
was no significant difference between the cohorts 
[59]. Although unexpected, our study is not the 
first to report this finding [60, 61, 62]. The 
increased urea level associated with COVID-19 
severity has also been described previously [54, 
61]. The reported incidence of AKI among hos- 
pitalized patients ranges from 3 to 37%, and at 
least two other studies found urea to be more fre- 
quently elevated than creatinine in patients with 
COVID-19-related renal dysfunction [59, 62]. 
The proposed mechanisms for renal involvement 
in SARS-CoV-2 include thrombotic vascular 
processes, direct tubular cell injury, glomerulo- 
nephritis, fluid depletion, multiorgan failure, and 
rhabdomyolysis [63]. However, as we evaluated 
the analyte results in isolation, we did not 
attempt to classify patients according to the 
accepted AKI and CKD classification systems, 
which might have resulted in different findings. 
We also did not have the results of urine ana- 
lytes, which have been proposed as a better 
marker for early renal impairment in COVID-19 
than blood biochemistry in one preprint paper 
[62]. This finding warrants further studies to 
evaluate underlying mechanisms that could 
account for the raised urea and normal creati- 
nine, such as the involvement of the renal tubules 
with sparing of the glomerulus, as has been sug- 
gested [64]. 

Our findings of more than threefold greater 
prevalence of uncontrolled DM among the 
SARS-CoV-2-positive patients are consistent 
with previous reports [65]. Data from Africa 
shows that most diabetics are unaware of their 
status, and less than 10% of those diagnosed are 
controlled [66]. However, the HbAIc level was 
not significantly elevated in the critical cohort 
compared with the noncritical cohort. At least 
two studies showed that when stratifying 
according to HbA Ic levels, there was a trend to 
higher inflammatory markers evident in those 
with higher HbAIc [67, 68]. We could not find 
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any studies comparing the median HbA 1c val- 
ues between critical and noncritical COVID-19 
groups although studies measuring other aspects 
of diabetic control showed an association 
between worse control and poorer outcomes 
[69, 70]. 

Our study has limitations because it was a ret- 
rospective analysis of a laboratory database, and 
therefore, clinical information was lacking. Some 
clinical parameters, such as the severity (based 
on ward status) and chronic disease classifica- 
tion, could be deduced from the information 
available, but this approach is nonetheless less 
than ideal and may have resulted in some mis- 
classification. In addition, the approach only 
allows for detection of associations, and there- 
fore, a causative link between SARS-CoV-2 
infection and the various effects on analytes and 
other parameters cannot be proven. Furthermore, 
we do not have data from the private sector which 
services patients who have medical insurance. 

The strengths of this study include the large 
number of positive and negative SARS-CoV-2 
individuals included and the time period over 
which the data were generated. There was also a 
large number of unique analytes compared 
between critical and noncritical COVID-19 
cases. To our knowledge, this retrospective anal- 
ysis of a large South African laboratory database 
comparing the effect of SARS-CoV-2 infection 
on multiple commonly tested analytes is the larg- 
est published analysis of its sort in terms of the 
number of individuals, different tests, and test 
results included. 

In summary, in this large-scale retrospective 
analysis of laboratory data, we described the rela- 
tionship between SARS-CoV-2 infection and 
HIV, TB, and DM as well as laboratory analyte 
changes associated with critical COVID-19 dis- 
ease. Our findings did not support an increased 
prevalence of either HIV or TB in individuals 
with SARS-CoV-2 infection but did indicate an 
increase in disease severity with HIV-positive 
status. Our findings of clear differences in several 
commonly measured analytes between the criti- 
cal and noncritical group suggest that these may 
be useful in our setting to triage patients. 
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Results 

Of 179 patients with confirmed COVID-19 infec- 
tion, 12 remained hospitalized at the end of the 
study and 167 were included in the final analysis. 
Of these, 153 (91.6%) were discharged and 14 
(8.38%) died in hospital. Approximately half 
(50.9%) of patients suffered from a comorbidity, 
with diabetes or coronary heart disease being the 
most common in 20 patients. The most common 
symptoms on admission were fever, dyspnea, and 
cough. The mean durations from first symptoms to 
hospital admission was 8.64 + 4.14 days, whereas 
the mean hospitalization time to discharge or death 
was 5.19 + 2.42 and 4.35 + 2.70 days, respectively. 
There was a significantly higher age in non- 
survivor patients compared with survivor patients. 
Multivariate regression showed increasing odds 
ratio (OR) of in-hospital death associated with 
respiratory rates >20 breaths/min (OR: 5.14, 95% 
CI: 1.19—22.15, p= 0.028) and blood urea nitrogen 
(BUN) >19 mg/dL (OR: 4.54, 95% CI: 1.30- 
15.85, p = 0.017) on admission. In addition, higher 
respiratory rate was associated with continuous 
fever (OR: 4.08, 95% CI: 1.18-14.08, p = 0.026) 
and other clinical symptoms (OR: 3.52, 95% CT: 
1.05-11.87, p = 0.04). 

Conclusion 

The potential risk factors including high respi- 
ratory rate and BUN levels could help to iden- 
tify COVID-19 patients with poor prognosis 
at an early stage in the Iranian population. 
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17.1 Introduction 

Novel coronavirus disease (COVID-19) was 
first reported in Wuhan, China, in December 
2019, not long before the lead up to the Lunar 
New Year when China undertakes the world’s 
largest mass travel event [1]. The COVID-19 
outbreak has spread rapidly throughout the 
world as well as in Iran. Iran was the first Middle 
East country to report a death due to this corona- 
virus, which was officially announced on 
February 20 in Qom [2]. 

The clinical spectrum of COVID-19 infection 
appears to be wide, encompassing asymptomatic 
infection, mild upper respiratory tract illness, and 
severe viral pneumonia with respiratory failure 
and even death, with many patients being hospi- 
talized with pneumonia [3, 4]. Previous studies in 
China have shown acute symptoms of severe 
respiratory infection in the early stages of this 
virus, with some patients rapidly developing 
acute respiratory distress syndrome (ARDS), 
acute respiratory failure, and other serious com- 
plications that can lead to death [5-7]. 
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As COVID-19 is a newly identified pathogen, 
the information on the clinical characteristics of 
affected patients is limited. A few studies on epi- 
demiological and clinical characteristics of cases 
with novel coronavirus pneumonia have been 
conducted in China [8—10]. Despite the increas- 
ing number of confirmed cases in Iran, no clinical 
study of Iranian patients has yet been published. 
Additionally, details of the clinical and course of 
illness have not yet been well described. A better 
understanding of the clinical features of 
COVID-19 can be helpful in preventing and con- 
trolling the epidemic and understanding future 
developments and the potential effect of various 
interventions. In this paper, we have described 
the clinical characteristics, laboratory findings, 
and risk factors of in-hospital death for infected 
patients with COVID-19 during hospitalization 
to provide potential insights into the prevention 
and treatment. 


17.2 Methods 
17.2.1 Study Design and Participants 


This single-center and retrospective study by 
focusing on the clinical characteristics of con- 
firmed cases of COVID-19 was conducted on 179 
adult patients, who referred to the Baqiyatallah 
Hospital in Tehran, Iran, between February 26 
and March 15, 2020. All patients with COVID-19 
enrolled in this study were diagnosed according 
to the World Health Organization interim guid- 
ance [11]. The patients were suspected to have 
COVID-19 infection according to the symptoms 
like fever, dry cough, shortness of breath, and 
aches. Upon admission, patients underwent chest 
computed tomography (CT) scans plus swab- 
based PCR tests. Since the scan results were 
readily available (compared to swab tests which 
took at least 24 h for the results), diagnosis was 
made based on the CT results. Moreover, the 
PCR results were dependent on methods of sam- 
pling, storage, handling, and transfer of speci- 
mens, which may cause a significant rate of 
false-negative results. All patients were moni- 
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tored up to March 15, 2020, as the final date of 
follow-up. The study was approved by the 
Research Ethics Committee of the Baqiyatallah 
University of Medical Sciences, and written 
informed consent was obtained from patients 
before enrolment and data were collected 
retrospectively. 


17.2.2 Data Collection 


All demographic characteristics and clinical data 
for this retrospective study were collected from 
medical records of patients with COVID-19. 
Data recorded include demographics (age, gen- 
der, and occupation), smoking history, exposure 
history (details regarding infection), family his- 
tory, comorbidities (coronary heart disease, 
hypertension, diabetes, lung disease, and malig- 
nancy), symptoms (fever, fatigue, dry cough, 
sore throat, headache, myalgia, dyspnea, chest 
pain, rhinorrhea, nausea, and vomiting), clinical 
features (respiratory rate, heart rate, blood pres- 
sure rate, and body temperature), laboratory 
findings [white blood cell (WBC) count, lym- 
phocytopenia (lymphocyte count), platelet 
count, erythrocyte sedimentation rate (ESR), 
C-reactive protein (CRP), prothrombin time 
(PT), partial thromboplastin time (PTT), creati- 
nine (Cr), alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), blood urea 
nitrogen (BUN), lactic acid dehydrogenase 
(LDH)], blood gas analysis (saturated pressure 
of oxygen (SPO2), partial pressure of carbon 
dioxide (PaCO,) and bicarbonate (HCQ;), clini- 
cal outcomes (respiratory failure, heart failure, 
ARDS, acute cardiac injury, and acute kidney 
injury), and treatment measures (antiviral ther- 
apy, respiratory support, and mechanical ventila- 
tion). In addition, the durations from first 
symptoms to hospital admission, hospitalization 
days, intensive care unit (ICU) admission, and 
patient status (death or recovery) at the end of 
study were recorded. 
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17.2.3 Definitions 


The date of disease onset was defined as the day 
when the symptom was noticed. Acute respira- 
tory distress syndrome (ARDS) was defined 
according to the Berlin definition [12]. Acute 
kidney injury was identified according to the 
Kidney Disease Improving Global Outcomes 
(KDIGO) definition [13]. Acute cardiac injury 
was diagnosed if serum levels of cardiac bio- 
markers [high sensitivity cardiac troponin I 
(cTnI)] were above the 99th percentile upper ref- 
erence limit or if new abnormalities were shown 
in electrocardiography or echocardiography 
[14]. Fever was defined as axillary temperature 
of at least 37.3 °C. 


17.2.4 Statistical Analysis 


Categorical variables were described as fre- 
quency rates and percentages, and continuous 
variables were described using mean, median, 
and interquartile range (IQR) values. Means for 
continuous variables were compared using inde- 
pendent group t tests. In case of limited data or 
non-normality, the Mann-Whitney test was used. 
Chi-square test or Fisher exact test (in case of low 
sample numbers) were used to compare the dis- 
tribution of categorical data. To explore the risk 
factors associated with in-hospital death, as well 
as the COVID-19 swab PCR test and symptom 
status at the end of hospitalization, univariate and 
multivariate logistic regression models were 
used. To avoid over-fitting in the multivariate 
model, only those factors which resulted in a 
p-value less than 0.2 in univariate analysis were 
selected for the multivariate model. The final 
model was selected according to forward condi- 
tional. All statistical analyses were performed 
using R version 3.6.1 software. A two-sided « of 
less than 0.05 was considered statistically 
significant. 


A. Vahedian-Azimi et al. 


17.3 Results 


17.3.1 Demographic and Clinical 
Characteristics 


All 179 hospitalized patients with confirmed 
COVID-19 were monitored up to March 15, 
2020, and 12 patients were excluded from the 
study because they were still hospitalized up to 
the final date of follow-up. Therefore, we 
included 167 patients in the final analysis. The 
mean age of the 167 patients was 
55.26 + 13.01 years (range: 22-89 years), and 
133 (79.596) were men. Of the 167 patients, 153 
(91.6%) were discharged, and 14 (8.38%) died in 
hospital. In 85 patients (50.9%), comorbidities 
were present which included diabetes (12%), 
coronary heart disease (12%), diabetes with 
hypertension (9.6%), and hypertension (8.4%). 
In addition, 26 (15.696) patients had history of 
lung disease that included chronic obstructive 
pulmonary disease (COPD) (30.796), history of 
chemical ventilators (30.7%), | pneumonia 
(23.2%), and asthma (15.4%). 

The most common symptoms on admission 
were fever (90.4%), dyspnea (85.6%), cough 
(83.8%), myalgia (68.9%), fatigue (50.9%), and 
headache (37.7%). Less common symptoms 
were sputum, chest pain, rhinorrhea, sore throat, 
nausea, and vomiting (Table 17.1). Compared to 
patients discharged from hospital (n = 153), 
patients who died in hospital (n = 14) were sig- 
nificantly older (64.78 + 9.36 vs. 54.39 + 12.96, 
p = 0.004). In terms of gender, family history, 
symptoms, and comorbidities, no statistically 
significant differences were found between survi- 
vor and non-survivor groups (p > 0.05) 
(Table 17.1). 

According to chest CT scans, 58 (34.7%) 
patients showed consolidation, 52 (34.1%) 
showed bilateral pulmonary infiltration, and 52 
(31.1%) had ground-glass opacity. Nasal swab 
PCR analysis for COVID-19 was positive in 108 
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Table 17.1 Baseline demographic and clinical characteristics of patients infected with COVID-19 on admission in 
survivor and non-survivor patients 








Variables Non-survivor (n = 14)| P-value 
Age 

(22-89) (22-89) (53-87) 
Gender no (%) 
Male 0757 
Female 
Occupation no (4c) 
Employee 0265 
Retired 
Housewife 29 (174) 
Unemployed 
Soldier 2a 2039 0 
Doctor 202 unn 
Exposure history no (4c) 
Community 14 (100) 0.360 
Contact with confimedcases [BOS oan = 
Travel 484 moz p — 
Hospital 202 2039 0 
Family history no (46) 
Symptoms no (%) 
Fever 13 029) 1.000 
Cough 12 (85.7) 1.000 
Sputum 4305: MOD 2043) 0523 
Dyspnea 13 92.9) 0.695 
Myalgia 10014 1.000 
Headache BeIN 60G9.2)_ 3014 0254 
Fatigue 85G09 ` non 6029 0.586 
Chest pain m038 mun wäi 
Rhinorrhea LOD 0.695 
Sore throat 10.) 0.695 
Nausea/vomiting 3 (214) 1.000 
Smoking history no (406) 


Yes 14 (8.4) 14 (9.2) 0 | | 610 


Duration onset of clinical symptoms to hospital admission, days 








Mean x SD (range) 8.14 + 3.63 (2-16) — 0.636 
Hospitalization, days 

Mean + SD (range) 4.35 + 2.70 (1-8) | 0.222 
Comorbidities no (%) 

Yes 85G09) — |71G03 ` am 0.625 
The type of comorbidities no (46) 

Kidney disease za» pay po à = 
Diabetes 
Hypertension KA 0.609 
Coronary heart disease 
Diabetes and hypertension ` eme — ena nu 
Others 


Underlying lung disease no (%) 
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Table 17.1 (continued) 


Survivor (n = 153) 
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Non-survivor (n = 14)| P-value 


Variables Total (n = 167) 
Yes 26 (15.6) 
The type of lung disease no (%) 

COPD 8 (4.8) 
Asthma 4 (2.4) 
Pneumonia 6 (3.6) 
History of mechanical ventilators | 8 (4.8) 
COVID-19 swab nose no (%) 

Positive 108 (64.7) 
Negative 31 22.2) 
Suspicious 2241252) 
CT scan findings no (%) 

Consolidation 58 (34.7) 
Ground-glass opacity 52 (31.1) 
Bilateral pulmonary infiltration 57 (34.1) 
Admitted situation no (4c) 

Isolation wards 157 (94) 
ICU 13 (7.8) 
Antiviral therapy no (4c) 

Monotherapy? 1 (0.6) 
Triple therapy? 68 (40.7) 
Fourth therapy? 98 (58.7) 
Treatment no (46) 

supplemental oxygen 139 (83.2) 
NIV 14 (8.4) 
IMV 11 (6.6) 


23 (15) 3 (21.4) 0.460 
7 (4.6) 1 (7.1) 
4 (2.6) 0 0.402 
6 (3.9) 0 
6 (3.9) 2 (14.3) 

0.363 
97 (63.4) 11 (78.6) 
36 (23.5) 1 (7.1) 
20 (13.1) 2 (14.3) 
50 (32.7) 8 (57.1) 0.080 
51 (33.3) 1 (7.1) 
52 (34) 549») 
148 (96.7) 5 (35.7) «0.0012 
5 (3.3) 9 (64.3) «0.0012 
1 (0.7) 0 
64 (41.8) 4 (28.6) 0.586 
88 (57.5) 10 (71.4) 
125 (81.7) 14 (100) 0.130 
6 (3.9) 8 (57.1) «0.0012 
1 (0.7) 10 (71.4) «0.0012 


*Monotherapy: oseltamivir + hydroxychloroquine; triple therapy: oseltamivir + hydroxychloroquine + lopinavir/ritona- 
vir; fourth therapy: oseltamivir + hydroxychloroquine + lopinavir/ritonavir + ribavirin. Abbreviation: N/V noninvasive 


ventilation, /MV invasive mechanical ventilation 


(64.4%) patients, negative in 37 (22.2%), and 
suspicious in 22 (13.2%) patients on the day of 
hospital admission. From 167 patients with 
COVID-19, 157 (94%) were admitted to isola- 
tion wards, and 13 (7.8%) were admitted and 
transferred to the ICU. The mean durations from 
first symptoms to hospital admission was 
8.64 + 4.14 (range: 1—22) days, whereas the mean 
hospitalization time to discharge and death were 
5.19 + 2.42 (range: 1-12) and 4.35 + 2.70 (range: 
1—8) days, respectively (Table 17.1). 


17.3.2 Vital Signs, Laboratory 
Parameters, and Blood Gas 
Analysis 


Heart rate, blood pressure, and body temperature 
on the day of hospital admission did not differ 


between survivor and non-survivor patients 
(p > 0.05). However, the median respiratory rate 
of non-survivor patients was significantly higher 
than survivor patients (18 vs. 20, p = 0.031). 
Baseline lymphocytopenia occurred in 123 
patients (73.7%), with no significant difference 
between the two groups (p = 0.732). In addition, 
analyses of WBC and platelet count, ESR, CRP, 
LDH, BUN, Cr, ALT, AST, PTT, PT, INR, and 
PH showed no significant differences between 
survivor and non-survivor groups (P > 0.05) 
(Table 17.2). The median of SpO, was 90 mm Hg 
(IQR, 87-93), and the median of PaCO;was 
46.6 mm Hg (IQR, 34.6—59.9). The ratio of SpO2 
was significantly lower in non-survivor patients 
than survivor cases (90 vs. 74 mm Hg, p « 0.001). 
However, the median of PaCO, was not signifi- 
cantly different between survivor and non- 
survivor groups (p » 0.05). 
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Table 17.2 Vital signs, laboratory parameters, and blood gas analysis of patients with COVID-19 on admission in 


survivor and non-survivor patients 


Variables Normal range | Total 
Respiratory 12-20 min 18 (17-20) 
rate 
Heart rate 60-100 BPM |92 (82-106) 
Blood 120/80 mmHg | 120/80 
pressure (110/70—135-80) 
Temperature 36.1-37.2 C 38 (37-38.4) 
SpO, 90-92% 90 (87-93) 
WBC 4-10 x 10°/L_ | 6.2 (4.8-7.7) 
Lymphocyte 1-3 x 10° /L 1.1 (0.89-1.5) 
Platelet 145- 169 (132-217) 
45 x 10°/L 
ESR Up to 15 mm/ | 39 (24-57) 
hr 
CRP Up to 5 mg/L |60 (24.2-94.7) 
LDH 207-414 U/L | 660 (252-824) 
BUN 7-19 mg/dL 14 (11-18) 
Cr 0.9-1.3 mg/ 1.1 (0.9-1.3) 
dL 
ALT « 45 U/L 46 (29-77) 
AST «35 U/L 37 (23-76) 
PTT 25-35 s 56 (35-76) 
PT <= 1355 14.2 (13-16.5) 
INR <1 1.2 (1-1.3) 
PH 7.38—1.42 7.39 (7.21—7.43) 
PaCO, 35-45 mm hg | 46.6 (34.6—59.9) 
HCO3 22-26 mEq/L | 24.6 (21.3-27) 


Survivor Non-survivor P-value 
18 (17-20) 20 (17-22) 0.031? 
92 (84-106) 92.5 (80-102.5) 0.910 
120/80 115/75 0.398 
(110/70-135/80) (110/67—136/57) 

38 (37—38.4) 38 (37.1-38.2) 0.712 
90 (88—93) 74 (55-85) «0.001? 
6 (4.7—7.6) 7.4 (5.9-11.8) 0.282 
1.2 (0.86-1.5) 1.1 (0.98-1.6) 0.732 
169 (133-214) 162 (110-275) 0.395 
40 (24—58) 35 (26.7—58) 0.952 
57.9 (23-94.7) 67.2 (49—94.7) 0.355 
657 (508-819) 676 (557—852) 0.978 
13 (11-17) 17.5 (11.7-23.5) 0.064 
1.1 (0.9-1.3) 1.3 (0.9-1.4) 0.618 
37 (23—73.5) 48 (24.2—95) 0.744 
45 (29-76) 63 (40.5—89) 0.350 
55 (35-76) 60 (35.5-—76.5) 0.720 
13.8 (12.9-16.5) 15.1 (12.9-19.8) 0.073 
1.2 (1-1.4) 1.2 (1-1.3) 0.837 
7.39 (7.18—7.44) 7.4 (7.22-7.43) 0.814 
47.3 (35.9-60.3) 37.9 (30.3—59.8) 0.440 
24.8 (21.3-27.5) 22 (15.7—24.1) 0.091 


*Data are expressed as the median (IQR), WBC white blood cell, SPO2 saturated pressure of oxygen, CRP C-reactive 
protein, ESR erythrocyte sedimentation rate, LDH lactic acid dehydrogenase, BUN blood urea nitrogen, Cr creatinine, 
ALT alanine aminotransferase, AST aspartate aminotransferase, PTT partial thromboplastin time, PT prothrombin time, 
INR international normalized ratio, PH pulmonary hypertension past history, PaCO2 partial pressure of carbon dioxide, 
HCO; bicarbonate 


17.3.3 Main Intervention 


and Complication 


All patients in the current study received antiviral 
treatment, but the types of combination therapy 
varied among patients. Quadruple combination 
therapy (oseltamivir + hydroxychloroquine + 
lopinavir/ritonavir + ribavirin) was administered 
to 98 (58.7%) patients, 68 (40.7%) patients 
received triple combination therapy (oseltamivir 
+ hydroxychloroquine + lopinavir/ritonavir), and 
only one patient received dual combination ther- 
apy (oseltamivir + hydroxychloroquine). Invasive 
mechanical ventilation (IMV) was required in 11 
(6.6%) patients, 14 (8.4%) of patients received 
noninvasive ventilation (NIV), and the majority 


of patients, 139 (83.2%), received extracorporeal 
membrane oxygenation as rescue therapy. 
Compared with survivors, non-survivors were 
more likely to receive mechanical ventilation, 
either invasively or noninvasively (p « 0.001) 
(Table 17.1). In terms of complications, all 
patients developed ARDS, but no other complica- 
tions such as acute cardiac injury and acute kid- 
ney injury were found in these patients. 


17.3.4 Univariate and Multivariate 
Analysis 


In univariate analysis, odds of in-hospital death 
were higher for older patients (OR = 1.07, 95% 
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Table 17.3 Risk factors associated with in-hospital death and COVID-19 swab test status 


COVID-19 swab test status (positive vs 


In-hospital death (survive vs. non-survive) negative) 
Univariate P Multivariate |P Univariate P Multivariate 
Variable OR (95%CI) | value | OR (95%CI) | value |OR(95%CI) | value | OR (95%CI) | P value 
Age, years 1.07 0.006 0.97 0.051 | 0.97 0.051 
(1.02-1.12) (0.95—1.00) (0.95—1.00) 
Female (vs. male) | 0.63 0.56 0.99 0.98 
(0.13-2.96) (0.44-2.23) 
Smoker — — 0.44 0.15 
(vs. non-smoker) (0.14-1.33) 
Underlying 1.31 0.63 0.43 0.14 
disease (0.43-3.97) (0.22-0.84) 
Chronic lung 1.54 0.53 1.72 0.27 
disease (0.39-5.95) (0.65—4.56) 
Respiratory rate 5,72 0.01 5.14 0.028 | 1.21 0.75 
(>20 vs. <20 per (1.52- (1.19—22.15) (0.36—4.06) 
min) 21.51) 
Temperature in 0.87 0.71 L57 0.03 
admission (0.45—1.70) (1.03-2.38) 
(Celsius) 
SpO2 (<90 vs. 5.47 0.03 4.33 0.067 | 0.97 0.93 
>90) (1.18— (0.90—22.79) (0.51—1.87) 
25.28) 
Lymphocytopenia | 1.13 0.84 1.03 0.93 
(«1500 vs. >1500) | (0.33-3.81) (0.49-2.16) 
Blood urea 5.62 0.004 | 4.54 0.017 | 0.62 0.29 
nitrogen (>19 vs. (1.75— (1.30-15.84) (0.25-1.51) 
<19 18.07) 
AST (>35 vs. 3.76 0.09 0.63 0.20 
<35) (0.81— (0.31—1.27) 
17.42) 
PTA (213.5 vs. 1.48 0.50 1.01 0.98 
«13.5) (0.47—4.61) (0.52-1.93) 
INR (>l vs. <1) 1.94 0.27 1.25 0.49 
(0.58—6.48) (0.65-2.41) 


CI: 1.02-1.12) (Table 17.3). For those patients 
with respiratory rates>20/min, the odds of mor- 
tality were 5.72 times more than for others (95% 
CI: 1.52-21.51). Low SpO, and high BUN were 
also found to be associated with a higher risk for 
in-hospital death according to univariate analy- 
sis, whereas multivariate analysis only revealed 
respiratory rate and BUN as risk factors of in- 
hospital mortality. For the results of COVID-19 
swab PCR tests at the end of hospitalization, uni- 
variate analysis revealed that increased tempera- 
ture on admission (1 °C) could increase the risk 
of having a positive COVID-19 swab test. 

Table 17.4 presents the associated factors with 
fever and other symptoms at the end of hospital- 


ization. Age still showed a significant factor in 
univariate analysis, but no significance was 
observed in multivariate analysis. Patients with 
higher respiratory rates had a higher chance of 
continuing fever (or other symptoms) in both uni- 
variate and multivariate models. SpO, also indi- 
cated a potential association with fever in the 
univariate model, and for those with SpO, less 
than 90 at admission, the odds of continuing 
fever were 2.52 times higher (95% CI: 
1.001—6.39). 

BUN was a risk factor for other clinical symp- 
toms in univariate analysis (Table 17.4). However, 
the results for fever were only borderline 
(p = 0.054). Moreover, INR increased the chance 
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Table 17.4 Risk factors associated with fever and other clinical symptoms status at the end of hospitalization 


Fever (finish vs. continue) 


Univariate 
OR P Multivariate 
Variables (9596CT) value | OR (95%CI) 
Age, year 1.04 0.03 
(1.003- 
1.07) 
Female (vs. male) 
Smoker (vs. 0.39 0.38 
nonsmoker) (0.05-3.14) 
Underlying disease 0.95 0.92 
(0.41-2.21) 
Chronic lung disease | 0.98 0.97 
(0.31-3.13) 
Respiratory rate 3.49 0.04 4.08 
(>20 vs. <20 per (1.06- (1.18—14.08) 
min) 11.43) 
Temperature in 0.88 0.63 
admission (Celsius) |(0.53-1.46) 
SpO2 («90 vs. >90) | 2.52 0.049 
(1.001— 
6.39) 
Lymphocytopenia 1.60 0.30 
(«1500 vs. 21500) (0.65—3.92) 
Blood urea nitrogen | 2.68 0.054 
(«19 vs. >19) (0.98-7.33) 
AST (>35 vs. <35) 1.10 0.83 
(0.46-2.65) 
PTA (>13.5 vs. 1.98 0.13 
<13.5) (0.81—4.85) 
INR >l vs. <1) 2.85 0.03 3.12 
(1.08-7.52) (1.15-8.46) 


of continuous fever according to both univariate 
and multivariate models. 


17.4 Discussion 


This single-center retrospective study focused on 
the clinical characteristics of 167 confirmed cases 
with COVID-19, out of which 153 were dis- 
charged and 14 died in hospital. Diabetes and 
coronary heart disease were the most common 
comorbidities in these patients, and fever, dys- 
pnea, and cough were the most common symp- 
toms on admission. Our results showed 
significantly higher age in non-survivor patients 
compared with survivors, whereas gender, family 
history, symptoms, or comorbidities did not sig- 


Other clinical symptoms (finish vs. continue) 


Univariate 

P OR P Multivariate P 

value | (95%CI) value | OR (95%CI) | value 
1.02 0.31 
(0.98-1.05) 

0.49 0.27 
(0.13-1.73) 
0.94 0.94 
(0.19—4.48) 
0.72 0.45 
(0.31-1.69) 
0.71 0.59 
(0.19-2.55) 

0.026 | 3.69 0.03 3.32 0.04 
(1.12- (1.05-11.87) 
12.14) 

0.89 0.65 

(0.54—1.47) 

2.36 0.07 

(0.92— 

6.007) 

1.10 0.84 

(0.42-2.85) 

2.85 0.04 2.74 0.055 
(1.04-7.84) (0.98-7.69) 
2.01 0.16 

(0.75-5.32) 

1.84 0.18 

(0.75—4.55) 

0.025 |2.11 0.12 
(0.83-5.36) 


nificantly alter survival. These findings contrast 
with more recent studies which found that male 
gender and the presence of comorbidities such as 
diabetes, hypertension, and heart disease are 
associated with poorer survival outcomes, includ- 
ing higher death rates [15, 16]. However, this 
report identified several risk factors for in- 
hospital death, continuous or completion of fever, 
and other clinical symptoms at the end of hospi- 
talization up to the final date of follow-up. In par- 
ticular, high respiratory rates of more than 20 per 
min and BUN levels greater than 19 mg/dL on 
admission were associated with a higher risk of 
death in-hospital. Additionally, a higher respira- 
tory rate of more than 20 breaths per min on 
admission was associated with continuous fever 
and other clinical symptoms at the end of hospi- 
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talization. This is most likely linked with 
increased demand for oxygen due to the 
pneumonia-like symptoms. 

The SARS-CoV-2 virus which causes 
COVID-19 disease is similar to the severe acute 
respiratory syndrome (SARS-CoV) and Middle 
Eastern respiratory syndrome (MERS-CoV) 
coronaviruses which resulted in 8096 and 2519 
cases worldwide, respectively [17]. However, 
SARS-CoV-2 has had a much higher rate of infec- 
tivity with an estimated 11.9 million cases world- 
wide, as of July 7, 2020. Overall, global mortality 
rate in patients with COVID-19 is lower than that 
previously seen in patients with SARS and MERS 
[17-22]. According to the results of this study, 
138 (82.696) of patients were infected with the 
virus through contacts in the community, 14 
(8.4%) by travelling, and 13 (7.3%) by contact 
with confirmed cases, and 2 (1.296) patients were 
infected in hospital. Contrary to our study, the rate 
of hospital transmission was higher in China, 
which may be explained by low knowledge and 
experience in dealing with the virus in the early 
stages. A study by Wang et al. of 138 hospitalized 
patients with COVID-19 showed that nearly half 
of patients, 57 (41.396), were infected in hospital 
[8]. However, 1 month after the outbreak of 
COVID-19, China gained increased control over 
the spread of the virus by adopting measures such 
as isolation of confirmed and suspected cases and 
lockdown and quarantine of Wuhan and surround- 
ing areas. This kept the mortality rate less at less 
than 196 outside of the Hubei province [23, 24]. 

Our univariate analysis showed that age was 
the only demographic factor associated with 
increased death outcomes of COVID-19 infec- 
tions although this was just outside of signifi- 
cance in the multivariate model. Previous studies 
showed that older age was an important indepen- 
dent predictor of mortality in SARS-CoV and 
MERS-CoV [14, 18], and it has been confirmed 
that increasing age is also associated with 
increased risk of death in patients with SARS- 
CoV-2 infections [4, 8, 15, 16]. In a study similar 
to our study in China by Zhou et al. [4], older age 
was associated with the high risk of mortality 
(OR:1.10, 9596 CI: 1.03-1.17, p < 0.001). 
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In the current study, all patients developed 
ARDS, but we did not find other outcomes. In 
contrast, a previous study from China showed 
that sepsis was a common complication (59%) as 
well as other outcomes such as respiratory failure 
(54%), ARDS (31%), heart failure (23%), septic 
shock (20%), acute cardiac injury (17%), acute 
kidney injury (15%), and secondary infection 
(15%) [4]. In terms of treatment, all patients in 
the current study received antiviral treatments, 
but the types of combination therapies used var- 
ied between patients. Given the small numbers of 
patients studied and the lack of a control group, it 
is impossible to determine whether or not these 
treatments led to improved outcomes and 
increased survival. Additionally, the majority of 
patients (83.2%) received supplemental oxygen 
as a rescue therapy. Invasive mechanical ventila- 
tion (IMV) was required in 11 patients, and 14 
patients received noninvasive ventilation (NIV). 
Compared with survivors, non-survivors were 
more likely to receive mechanical ventilation, 
either invasively or noninvasively. 

Our study has some limitations. First, due to 
the retrospective study design, not all laboratory 
tests were done in all patients, including mea- 
surements of D-dimer, IL-6, and serum ferritin. 
Therefore, their role might be underestimated in 
predicting in-hospital death. Second, due to the 
lack of degree of organ dysfunction in the 
patients, we were not able to calculate the sequen- 
tial organ failure assessments (SOFA) score. 
Third, the interpretation of our findings might be 
limited by the small sample size. 


17.5 Conclusions 


We found that a high respiratory rate more than 20 
breaths per min and BUN levels greater than 19 (mg/ 
dL) on admission were associated with a higher risk 
of death in hospital. Additionally, higher respiratory 
rate more than 20 per min on admission was associ- 
ated with continuous fever and other clinical symp- 
toms at the end of hospitalization. Further studies are 
needed to increase our understanding of this virus 
and to aid in the control of future outbreaks. As it 
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stands now, it is still not certain when this pandemic 
will diminish to negligible levels as the infection rate 
is still on the rise in some countries such as Iran, the 
United States, Brazil, Mexico, and India [21, 22]. 
Therefore, a more complete understanding of 
COVID-19 which could be used to inform world 
policies and help prevent future outbreaks might not 
be achievable for several years to come. 
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Study quality was also evaluated using a standard 
tool. The overall prevalence of ARDS was esti- 
mated using a random-effects model. This led to 
identification of 23 primary studies involving 
2880 COVID-19 patients. All articles were obser- 
vational with a cross-sectional, retrospective, 
case report, and cohort design with moderate to 
strong quality. The main findings showed that 
COVID-19-related ARDS has a high prevalence 
and is different to ARDS due to other etiologies. 
Elderly and patients with comorbidities and 
organ failure should be closely surveyed for 
respiratory organ indications for several weeks 
after the onset of respiratory symptoms. There is 
currently no definitive treatment for ARDS in 
COVID-19 disease, and supportive therapies and 
their effects are somewhat controversial. 


Keywords 


Covid-19 - Acute respiratory distress syn- 
drome (ARDS) - Scoping review - 
Meta-analysis 


18.1 Introduction 

In December 2019, the world was faced with the 
sudden outbreak of the SARS-CoV-2 virus which 
causes COVID-19 disease and was deemed a sub- 
stantial threat to worldwide health by the World 
Health Organization (WHO) [1-3]. By March 6, 
2020, more than 100,000 persons in 93 countries 
had been infected by SARS-CoV-2, and this rap- 
idly progressed to over 12 million persons in 213 
countries and territories by July 10, 2020 (Fig. 18.1) 
[4]. Clinical manifestations caused by the virus 
have varied from fever, cough, fatigue, sputum pro- 
duction, shortness of breath, sore throat, headache, 
gastrointestinal symptoms like diarrhea and vomit- 
ing, as well as acute respiratory distress syndrome 
(ARDS) and organ failure [5, 6]. Compared to 
other organs, the COVID-19 virus appears to most 
affect the respiratory system in the initial stages 
and in some patients develops to ARDS [7]. 
Although ARDS patients receive respiratory and 
therapeutic support in the intensive care unit (ICU), 
these patients still show a high mortality [8]. 


M. Jafari-Oori et al. 


According to the Berlin definition, ARDS is a 
type of acute diffuse, inflammatory lung injury, 
which can lead to increased pulmonary vascular 
permeability, increased lung weight, and loss of 
aerated lung tissue [9]. The clinical manifesta- 
tions are hypoxemia, bilateral opacities in com- 
puted tomography (CT) imaging, increased 
venous admixture, and physiological dead space. 
One way of measuring this is to determine the 
ratio of the arterial partial pressure of oxygen 
(PaO,) to the fraction of inspired oxygen (FiO,). 
Based on the degree of hypoxemia, ARDS can 
be classified as mild (PaO,/FIO,: >200 - 
<300 mm Hg), moderate (>100 — <200), or 
severe («100) [9]. In the most severe cases, 
inspired oxygen cannot reach the blood circula- 
tion, leading to organ failure and death of the 
patient (Fig. 18.2). 

Some previous review studies have estimated 
the prevalence of ARDS as 14-28% in COVID-19 
patients [10, 11]. Given the critical impact of 
ARDS on patient outcomes and the current lack of 
effective treatment options, we have carried out a 
scoping review and meta-analysis to systemati- 
cally assess its prevalence in COVID-19 patients. 
It was also of interest to identify clinical features 
that could be used to predict or monitor disease 
severity as a means of informing treatment options. 


18.2 Methods 


This scoping review study was conducted sys- 
tematically according to the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines [12-15]. A flowchart of 
the study selection procedure is shown in 
Fig. 18.3. 


18.2.1 Search Strategy 


In this review, any original studies conducted 
worldwide and published in the English or Persian 
languages in internal and external databases were 
evaluated up to July 2020. To search for ARDS 
and COVID-19 studies, we employed the national 
databases including Magiran, IranMedex, Iranian 
Archive for Scientific Documents Center (LASD), 
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Fig. 18.1 Total number of COVID-19 cases globally from the end of January to July 10, 2020 


and Iranian National Library (INL) and interna- 
tional databases such as MEDLINE (PubMed, 
Ovid), Scopus, Web of Science, Embase, ProQuest, 
Google, and Google Scholar. Gray literature and 
reference lists of the extracted primary articles 
were also reviewed to discover potential related 
studies. The keywords and subject headings used 
to search for these databases are shown in 
Table 18.1. These were used separately and in 
combination as a syntax using Boolean operators 
such as “AND,” “OR,” “NOT,” and the “*” sign. 


18.2.2 Study Selection Process 


The inclusion and exclusion criteria for select- 
ing primary articles are indicated in Table 18.2. 
Firstly all feasible studies were recognized. 
Secondly, the titles and abstracts of the identi- 
fied articles were separately screened by two 
investigators, and the full texts of relevant arti- 
cles were obtained and their eligibility was 
determined. In case of disagreement between 
the two researchers, the article in question was 
reviewed by an additional author who was an 
expert in review studies. 


18.2.3 Quality Assessment and Data 
Extraction 


To evaluate the quality of the studies, five-item 
tools were used, as described in previous studies 


[16-19]. The five items were related to the 
research design, sampling method, sample size, 
comparison group, and psychometric properties. 
Each item scaled from 0 to 3 and the overall score 
was from 0 to 15 [17]. Based on this approach, 
the studies were divided into three categories 
related to quality, which were defined as either 
weak (score 4 or below), medium (score 5 to 10), 
or strong (score above 10). The assessment was 
performed by two authors (MJO and FRB), and 
the disagreements were resolved by the senior 
author (AVA). A data extraction form was used to 
assemble the information in each article as fol- 
lows: first author, year of study conduction, 
design and purpose of the study, setting, main 
findings and conclusions, limitations, and lan- 
guage. To guarantee accuracy, two other authors 
examined the extracted data for the final review. 


18.2.4 Synthesis of Data and Analysis 


Inductive thematic analysis was performed 
using the results of preliminary studies to find 
potentially important emerging themes [20]. 
The results of each of these studies were 
assessed and compared until the primary themes 
were Outlined. To estimate the overall ARDS 
prevalence, each study was assessed using cal- 
culations of the binary distribution variance. 
Weighted averages were used to combine the 
prevalence values of the studies. The weight 
assigned to each study was an inverse of its vari- 
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Fig. 18.2 The effects of ARDS on breathing in COVID-19 disease 


ance. The heterogeneity of the studies was 
assessed by the I? index. Data heterogeneity was 
divided into three classes of less than 25% (low 
heterogeneity), 25 to 75% (medium heterogene- 
ity), and more than 75% (high heterogeneity). 
Due to the resulting high heterogeneity of the 
data in this review, a random-effects model was 
applied. The analysis was conducted with 
STATA 12 software (StataCorp LLC; College 
Station, TX, USA). 


18. 3 Results 


18.3.1 Literature Search 


The flowchart of the selection process is revealed 
in Fig. 18.3. A total of 1100 potential study refer- 
ences were acquired after searching the database 
and search engines and the pertinent reference 
lists. After the first screening of titles and 
abstracts, 95 studies were selected to assess the 
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Fig. 18.3 Identification and selection of studies 


Table 18.1 Keywords and subject headings used during the search 


Search terms 

"lung recruitment maneuver" OR "recruitment manoeuver" OR “lung volume recruitment” OR “lung 
recruitment" OR “recruit manoeuver" OR “recruit manoeuver" OR “recruit manoeuver" OR “recruit 
manoeuver" OR “PEEP setting" OR “recruitment ARDS” “titrated PEEP” OR “PEEP titration” OR 
“low PEEP” OR “protective lung strategy” OR “high PEEP” OR ards OR “acute respiratory distress" 
OR “acute chest syndrome” OR “respiratory distress syndrome” OR “shock lung” OR “adult respiratory 
distress syndrome” OR “respiratory distress syndrome, acute” AND “Novel coronavirus” OR “Novel 
coronavirus 2019” OR “2019 novel coronavirus” OR “2019 nCoV” OR “Wuhan coronavirus” OR 
“Wuhan pneumonia" OR Covid-19 OR “2019-nCoV” OR “SARS-CoV-2” OR “coronavirus 2019" OR 
*2019-nCoV" 


Table 18.2 Inclusion and exclusion criteria for selected primary articles 


Inclusion criteria Exclusion criteria 

Peer-reviewed, primary studies Not peer-reviewed, primary research 

Published in English or Persian Not written in English or Persian 

Pointing to the ARDS on patients Not related to the empirical data (letters, editorials, news, etc.) 
with Covid-19 

Published until July 2020 Low-quality studies 


Studies that did not include the keywords of “ARDS,” “coronavirus 
2019," or “Covid-19” 
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% 
Study ES (95% Cl) Weight 
Chu et al. [23] =~ 0.24 (0.17, 0.32) 11.28 
Yang et al. [27] * 0.67 (0.53, 0.80) 10.11 
Wu et al. [29] — 0.42 (0.35, 0.49) 11.36 
Wang et al. [30] TNCS 0.21(0.17, 0.26) 11.70 
Shi et al. [33] RN 0.23(0.19, 0.28) 11.73 
Du et al. [35] . 0.74 (0.63, 0.83) 10.89 
Chen et al. [36] E 0.17 (0.10, 0.26) 11.25 
Chen et al. [37] dem 0.14 (0.12, 0.17) 11.87 
Huang et al. [1] = 0.29 (0.16,0.46) 9.82 
Overall (I^2 = 96.74%, p = 0.00) 0.34 (0.24, 0.44) 100.00 
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Fig. 18.4 The overall prevalence of COVID-19-induced ARDS determined from nine studies 


full texts, while duplicate and unrelated articles 
were removed from the study. Lastly, 23 primary 
studies that met inclusion criteria were selected 
for appraisal and analysis [1, 21—42]. 


18.3.2 Study Descriptions 


The study designs were diverse including cross- 
sectional, retrospective, case studies, or case 
series. All studies were published in the English 
language, most of them were conducted during 
the early phase of the COVID-19 pandemic in 
China [1, 24—35, 37, 39—42], two were carried out 
in the USA [23, 36], one was performed in Italy 
[22], one was in France [38], and one study was 
carried out during the SARS outbreak in China in 
2003 [21]. The detailed characteristics of the 23 
final primary articles are given in Table 18.3. 


18.3.3 Methodological Quality 
Appraisal 


The quality of all articles was evaluated using 
five-item mentioned tools, as shown in Table 18.3. 
Based on this scale, eight studies were ranked as 
having a strong quality, and 15 had a medium 
quality. 


18.3.4 Narrative Summary and Brief 
of Themes 


The data of the original articles were classified 
and discussed according to the following catego- 
ries: (1) pathology of COVID-19, (2) diagnosis, 
(3) risk factors, (4) prevalence, and mortality, 
and (5) treatment. 


18 Acute Respiratory Distress Syndrome and COVID-19: A Scoping Review and Meta-analysis 


18.3.4.1 Pathology of the COVID-19 
Virus and ARDS 

Biopsy samples taken from lung, liver, and heart 
tissue of a patient who died from COVID-19- 
related ARDS showed bilateral diffuse alveolar 
damage with cellular exudates, evident desqua- 
mation of pneumocytes, and hyaline membrane 
formation [26]. The left lung showed pulmonary 
edema with hyaline membrane formation. Both 
lungs showed interstitial mononuclear inflamma- 
tory infiltrates and multinucleated syncytial cells 
with atypical appearance in the intra-alveolar 
spaces. Blood analysis indicated an over-activa- 
tion of T cells. An investigation using lung CT 
scans identified ground-glass opacities (GGOs) 
in 12 of 17 patients, and the remaining five 
patients showed a combination of GGOs and 
consolidation in the subpleural regions [39]. 
Follow-up scans performed on five patients 
showed development of fibrotic changes in three 
patients and mild progression with increased 
extent and density of GGOs in two patients. 
Another CT study of 80 COVID-19 patients 
found GGOs, consolidation, and interlobular 
thickening in the subpleural regions of both lungs 
in most cases [40]. Other studies showed that the 
medium time to development of ARDS from 
onset of symptoms in admitted patients ranged 
from 8 to 12 days [1, 41, 42]. 

Four studies of COVID-19 cases reported het- 
erogeneous clinical manifestations, ranging from 
minimal symptoms such as fever, dry cough, or 
dyspnea to severe ARDS [23, 26, 30, 36]. Another 
study of two Chinese patients who developed 
symptoms while on holiday in Italy found GGOs 
with a crazy-paving pattern, slight unilateral 
pleural effusion, and mediastinal lymphadenopa- 
thies [22]. A study of an adult sickle cell patient 
with COVID-19 pneumonia using chest X-ray 
analysis found multifocal ill-defined opacities 
which worsened to GGOs and reticular opacities 
[23]. A retrospective case control study of 
patients with ARDS infected with either COVID- 
19 or HINI influenza found a higher frequency 
of coughing, fatigue, and gastrointestinal symp- 
toms in the COVID-19 patients and higher 
sequential organ failure assessment scores in the 
HINI patients [30]. In addition, the COVID-19 
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patients had higher PaO,/FiO, ratios, a higher 
proportion of GGOs, and lower mortality than 
the HINI patients. In addition, an end-stage renal 
disease patient in the USA who contracted 
COVID-19 disease while in hospital was found 
to have bilateral interstitial pneumonia, which 
worsened to ARDS [36]. 


18.3.4.2 Risk Factors 

A one study of 133 patients with confirmed 
SARS (2003 outbreak of SARS-CoV) showed 
that advanced age, the presence of comorbidities, 
initial lactate dehydrogenase (LDH) levels, PCR 
test results of the nasopharyngeal specimen, and 
initial viral load were independently associated 
with ARDS [21]. Another study showed that 
advanced age and the presence of neutrophilia 
and organ and coagulation dysfunctions were 
contributing factors to development of ARDS 
and the progression from ARDS to death [27]. 


18.3.4.3 Diagnosis 

Four studies showed that a decrease in the PaO,/ 
FiO, ratio, chest CT, and X-ray scan results could 
be used in the diagnosis of ARDS associated with 
COVID-19 infection [23, 26, 39, 40]. In addition, 
the severity of ARDS could be assessed as mild, 
medium, or severe using the PaO;/FiO, ratio, as 
described earlier. 


18.3.4.4 Prevalence and Mortality 

The prevalence of COVID-19-related ARDS was 
reported by nine studies as follows: 32 out of 
133 cases [21], 35 out of 52 critically ill cases 
[25], 84 out of 201 patients [27], 71 out of 339 
cases [28], 97 out of 416 patients [31], 63 out of 
85 cases) [33], 17 out of 99 patients [34], 113 out 
of 799 patients [35], and 12 out of 41 cases [1]. 
The overall prevalence of COVID-19-related 
ARDS was estimated as 34% using a random 
model (Fig. 18.4). The incidence of COVID-19- 
related ARDS in high-risk and critically ill 
patients was higher than for other cases [25, 33]. 
In addition, COVID-19-related ARDS resulted 
in a higher mortality rate. For example, the mor- 
tality rate was 60-61.5% in two studies of 
COVID-19 patients with ARDS {Huang, 2020 
#3}(21, 25]. 
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18.3.4.5 Treatment 

Treatment and management of ARDS has been 
mostly supportive in nature. In the study by Chen 
et al. {Huang, 2020 #3}, transplantation of mes- 
enchymal stem cells (MSCs) significantly low- 
ered the mortality rate to 17.6% compared to 
54.5% in the control group in patients with H7N9 
influenza, demonstrating potential utility in 
COVID-19 ARDS cases [24]. In addition, this 
procedure had no adverse effects in the case of 
four patients who were followed over 5 years. A 
case series study by Wang et al. tested the effects 
of fibrinolytic therapy with tissue plasminogen 
activator in three COVID-19-related ARDS 
patients with transient improvements seen in all 
three cases [29]. Steroids such as methylprednis- 
olone, antivirals (lopinavir, ritonavir, interferon 
alpha-1b, favipiravir, arbidol, darunavir), and 
antibacterial drugs have also been used for treat- 
ments, along with respiratory support [26, 27, 
32]. However, the therapeutic benefits of these 
treatment strategies remain in question. 


18.4 Discussion 


Our findings indicate that approximately one- 
third of COVID-19 patients develop ARDS with 
common features of decreased PaO,/FiO, ratios 
along with increased appearance of GGOs with 
consolidation by CT imaging. We found other 
risk factors for progression of COVID-19 patients 
to ARDS included advanced age, the presence of 
comorbidities, initial LDH levels, initial viral 
load, neutrophilia, as well as coagulation and 
organ dysfunction. 

Increasing our understanding of the infection 
process of the SARS-CoV-2 virus is vital to 
improving patient outcomes during the current 
COVID-19 pandemic and future coronavirus and 
influenza outbreaks. It is now widely known that 
SARS-CoV-2 infection begins with entry of the 
virus via the upper airway followed by its migra- 
tion down the respiratory tract to reach the gas 
exchange units of the lung. This leads to entry of 
the virus into the lung alveolar cells via ACE2 
receptors. Once inside, the virus subverts the nor- 
mal cellular processes enabling its replication 
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and spreading to other organs and tissues of the 
body. During this process, an inflammatory 
response known as a “cytokine storm” can lead to 
pulmonary infiltration, cell death, and fibrosis, 
with development of ARDS [43]. 

The WHO interim guidelines recommend the 
use of extracorporeal membrane oxygenation 
(ECMO) to COVID-19 patients with ARDS [44]. 
Corticosteroids along with antiviral and antibac- 
terial drugs have also been considered as poten- 
tial treatments for ARDS because of their effects 
on reducing inflammation and fibrosis [3, 45]. 
However, none of these therapies are definitive 
cures for ARDS, and there have been some con- 
flicting findings in this area. A recent trial in the 
UK found that the corticosteroid dexamethasone 
reduced mortality in COVID-19 patients receiv- 
ing respiratory support [46], and early results 
from another trial conducted by Gilead showed 
that treatment with the antiviral drug remdesivir 
led to a nonsignificant reduction in the time to 
clinical improvement and duration of invasive 
mechanical ventilation compared to standard 
care [47]. However, further trials are required to 
confirm or refute the findings of both studies. 

There are a number of limitations to the cur- 
rent study which makes definitive conclusions 
difficult. Most of these relate to the fact that we 
are still in the early phase of the COVID-19 pan- 
demic, and a more complete picture is not likely 
to be available for several years to come. 
Therefore, we were only able to provide an esti- 
mate of the overall prevalence of ARDS in 
COVID-19 patients due to the low number of 
studies which have addressed this question thus 
far. For this reason, we also did not perform sta- 
tistical methods of meta-analysis such as sub- 
group analysis or publication bias assessment 
and have only provided a summary of the results. 


18.5 Conclusions 


The current findings indicate that approximately 
one-third of patients with COVID-19 develop 
ARDS. Patients with ARDS are more likely to 
have a worse outcome and increased risk of death. 
For this reason, early detection of those patients 
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who are at increased risk of ARDS 1s critical. 
Further studies should be performed to identify 
biomarkers which indicate progression to ARDS 
such as the changes in the PaO,/FiO, ratio and CT 
and X-ray imaging signs described here, as well as 
molecular biomarkers which can be sampled in 
body fluids. Likewise, further studies on the patho- 
physiology and distinct ARDS phenotypes should 
be conducted to enable identification of new treat- 
ment possibilities for improved patient outcomes. 
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Patients with confirmed COVID-19 infection 
can develop several psychological conse- 
quences. Epidemiological data on mental 
health and psychological disorder inpatients 
infected with COVID-19 pneumonia are not 
available in Iranian patients. The purpose of 
this study was to evaluate the anxiety, stress, 
and depression of patients with COVID-19. 
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Material and Methods 

This cross-sectional survey was conducted in 
2020. All confirmed patients with COVID-19 
were included in the study by census sam- 
pling. Assessment of depression, stress, and 
anxiety was performed using the DASS-21 
questionnaire. All statistical analyses were 
performed using R version 3.5.1. 


Results 
The questionnaires were completed by 221 
patients with COVID-19 infection (204 males, 


K. Goharimoghadam 
Internal Medicine, Shariati hospital, Tehran 
University of Medical Sciences, Tehran, [ran 


M. A. Pourhoseingholi 

Gastroenterology and Liver Diseases Research 
Center, Research Institute for Gastroenterology and 
Liver Diseases, ShahidBeheshti University of 
Medical Sciences, Tehran, Iran 


M. Abbasi-Farajzadeh 
Marine Medicine Research Center, Baqiyatallah 
University of Medical Sciences, Tehran, Iran 


229 


P. C. Guest (ed.), Clinical, Biological and Molecular Aspects of COVID-19, Advances in 
Experimental Medicine and Biology 1321, https://doi.org/10.1007/978-3-030-59261-5 19 


250 


17 females) The mean age was 
45.90 + 7.73 years. Our results indicated that 
the mean scores of depression and anxiety 
were at “extremely severe" levels, while stress 
levels were "severe." The prevalence of 
"extremely severe" symptoms of depression 
and anxiety was 54.29% and 97.29%, respec- 
tively. The prevalence of severe stress was 
46.61%. 


Conclusion 

In this study, patients infected with COVID-19 
reported severe and extremely severe experi- 
ence psychological distress. Further studies 
should focus on the combined use of psycho- 
logical and molecular biomarker testing to 
increase accuracy. Overall, the findings dem- 
onstrate the necessity of special intervention 
programs for the confirmed patients with 
emerging infectious disease COVID-19 to 
promote mental health needs. 


Keywords 


COVID-19 - Coronavirus - Patient - 
Depression - Anxiety - Stress - Iran 


19.1 Introduction 


Coronavirus disease 2019 (COVID-19) is mainly 
a respiratory system infection with a newly diag- 
nosed coronavirus thought to have originated as a 
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zoonotic virus which has human pathogenicity [1]. 
The virus transmits from person to person through 
close contact or airborne probably as respiratory 
droplets [2]. At the time of writing (April 28, 
2020), there have been approximately three mil- 
lion cases worldwide, with approximately 923,000 
having recovered and 211,000 having died [3]. 
Therefore, virtually all patients with con- 
firmed or suspected COVID-19 experience fear 
due to complications of the disease relating to the 
severe disability and potential death, in the 
absence of any definitive treatment or vaccine. In 
addition, symptoms such as fever, hypoxia, and 
cough, as well as adverse effects of treatment, 
could lead to worsening of anxiety and mental 
distress [4, 5]. In the early phases of the severe 
acute respiratory syndrome (SARS) and Middle 
East respiratory syndrome (MERS) outbreaks, a 
range of psychiatric morbidities, including per- 
sistent depression, anxiety, panic attack, psycho- 
motor excitement, psychotic symptoms, delirium, 
and even suicidality, were reported [6, 7]. The 
persistence of depression in MERS survivors 
leads to prolonged chronic post-traumatic stress 
symptoms even 18 months after the infection [8]. 
A 14-day quarantine period and restrictions on 
social contact, which form part of the public 
health responses to the COVID-19 pandemic, 
could cause individuals to experience signs such 
as boredom, a higher level of depression, loneli- 
ness, and anger. It also could increase patients’ 
guilt and anxiety about the effects of pathogene- 
sis, quarantine, and stigma on their families and 
friends [4, 9]. Among the survivors of the SARS 
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outbreak, stress levels were persistently elevated 
1 year later, compared to people who were not 
infected with SARS. SARS survivors had high 
levels of psychological distress even 1 year after 
the outbreak. This evidence suggests that the 
long-term psychological implications of infec- 
tious diseases should not be ignored and mental 
health services could play an important role in 
the rehabilitation of patients [6]. 

To date, epidemiological data on the mental 
health of patients with COVID-19 in Iran has not 
been established. The main purpose of this study 
was to measure the prevalence and severity of 
this psychological distress and gauge the current 
mental health burden on patients with a diagnosis 
of COVID-19 infection. 


19.2 Material and Methods 
19.2.1 Study Design 


This cross-sectional survey was conducted in 
February and March, 2020. 


19.2.2 Settings and Participants 


Baqiyatallah Hospital is one of the main referral 
centers for the specialized diagnosis and treat- 
ment of patients with COVID-19 in Tehran, 
Iran. Participants were recruited mainly as 
patients referred to this hospital and patients 
from other centers who gave consent to partici- 
pate in the study. Other centers also participated 
in this study, but since the number of partici- 
pants from other centers was not high enough to 
obtain a separate ethics code, the Dean of each 
center approved data collection for their respec- 
tive institutions. All patients over 18 years of 
age who were interested in participating in this 
study, who could read and write, with no preex- 
isting physical disabilities or mental disorders, 
were included. All participants were confirmed 
COVID-19 positive. Census sampling was used. 
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19.2.3 Sample Size 


Cochran’s sample size estimation formula in the 
epidemiologic study was used [10]. The first 
and second type errors were considered five- 
hundredth and two-tenths, respectively. A 50% 
satisfaction probability was assumed to estimate 
the maximum sample size. The sample size was 
calculated at 87 patients. According to the 
nature of the study and the probability of sample 
size drop, a 20% dropout was considered and 
the final sample size was therefore calculated to 
be 110. 


19.2.4 Research Tools 


Demographic characteristics were self-reported 
by participants. These included sex, age, job, 
marital status, educational qualification, and his- 
tory of chronic disease. The Depression Anxiety 
Stress Scale (DASS) was used to collect data. 
This questionnaire was designed and validated by 
Lovibond in 1995 [11] to measure psychological 
distress among the community with 21 items. 
This questionnaire included three subscales and 
each subscale had seven questions. In the trans- 
lated version, the choices were never, little, mod- 
erate, and many for each question. The lowest 
score for each question was O and the highest 
score was 3. Validity and reliability of this ques- 
tionnaire were previously established in Iran. 
According to the original questionnaire, the three 
subscales had high internal consistency with 
Cronbach’s alpha values of 0.77, 0.79, and 0.78 
for depression, anxiety, and stress, respectively 
[12]. Another study reported Cronbach’s alpha 
values greater than 0.80 for all scales in an analy- 
sis of the effect of the 2008 Sichuan earthquake 
in China [13]. 

The questions 3, 5, 10, 13, 16, 17, and 21 were 
related to depression. Questions 1, 6, 8, 11, 12, 
14, and 18 assessed stress. Q questions 2, 4, 7, 9, 
15, 19, and 20 were related to anxiety. The cutoff 
points of the subscales were as follows: 
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19.2.5 Depression Scores 


0—4 = normal 

5—6 = mild 

7-10 = average 
11—13 = severe 

> 14 = very severe 


19.2.6 Stress Scores 


0—7 = normal 

8—9 = mild 

10-12 = average 
13-16 = severe 
>17 = very severe 


19.2.7 Anxiety Scores 


0—3 = normal 

4—5 = mild 

6—7 = average 
8—9 = severe 

>10 = very severe 


19.2.8 Ethical Consideration 


The study was approved by the Ethics Committee 
of Baqiyatallah University of Medical Sciences 
with code IR.BMSU.REC.1398.438. The objec- 
tives of the study were explained to all patients, 
and informed consent was obtained from the 
patients to participate in the study. They were 
also assured of confidentiality. 


19.2.9 Statistical Analysis 


All analyses were performed using R statistical 
software (version 3.5.1). The variables included 
gender (male, female), age (>30, 41-50, 
<40 years), marital status (married, unmarried), 
job (governmental, nongovernmental, unem- 
ployed, student, and housewife), background dis- 
ease (yes, no), and qualification (diploma or 
lower, associate, bachelor's degree, master's 
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degree, or higher). The values for each variable 
were presented as the mean and standard devia- 
tion. Independent samples t-test was applied as a 
parametric test to compare psychological symp- 
tom (stress, depression, and anxiety) scores by 
gender and marital status. One-way analysis of 
variance (ANOVA) test was applied to compare 
the mean differences in psychological factors in 
terms of age group, job, and educational qualifi- 
cation. A p-value of «0.05 was considered 
significant. 


19.3 Results 


The DASS-21 questionnaires were completed by 
221 patients with COVID-19 (204 males, 17 
females). The demographic characteristics are 
summarized in Table 19.1. The mean age was 
45.9 + 7.73 years. A high proportion of patients 
reported a nongovernmental (37.196) job. Most 
of the participants were unmarried (55.21%). In 
addition, 31.22% and 29.41% of the patients had 
"Bachelor' or "Associate" education level, 
respectively (Table 19.1). 

The study results demonstrated that the com- 
parison of mean scores for stress, depression, and 
anxiety subscales was not statistically significant 
in terms of “age,” “gender,” “job,” “marital sta- 
tus," “background disease," and “qualification” 
variables (Table 19.1). 

Table 19.2 shows the prevalence and score 
severity ratings of psychological symptoms 
among patients with COVID-19 infection. Our 
results indicated that the mean scores of symp- 
toms of depression and anxiety were “extremely 
severe,’ while stress was at “severe” levels. The 
prevalence of “extremely severe" symptoms of 
depression and anxiety was 54.29% and 97.29%, 
respectively. The prevalence of "severe" symp- 
tom of stress was 46.61%. 


19.4 Discussion 
The purpose of this study was to evaluate the 


anxiety, stress, and depression in hospitalized 
Iranian patients with confirmed COVID-19 infec- 
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Table 19.2 Prevalence and score severity ratings of depression, anxiety, and stress among patients with coronavirus 


infection (n = 221) 


Psychological variable 
Moderate 
Severe 


Depression 


Extremely severe 
MEAN + SD 
Anxiety Severe 
Extremely severe 
MEAN + SD 
Mild 
Moderate 
Severe 


Stress 


Extremely severe 
MEAN + SD 


tion. This can serve as important evidence to 
manage the promotion of mental health among 
patients with COVID-19. The results of the cur- 
rent study indicated that the patients with con- 
firmed COVID-19 revealed a high prevalence of 
symptoms associated with mental disorders. All 
of the patients reported varying levels of depres- 
sion, anxiety, and stress. Extreme anxiety was 
found in 97.27% of patients and severe depres- 
sion signs were reported by 54.29% of patients. 

All patients who participated in the study had 
signs of stress. The prevalence of severe symp- 
toms of stress was 46.61%. Similar results were 
found in 90% of SARS-infected patients. There 
was an increased prevalence of general stress and 
negative psychological effects in patients infected 
with SARS [14]. Another study reported that 
patients with MERS infection had an increased 
incidence of clinically relevant depressive and 
post-traumatic stress disorder (PTSD) symptoms 
[8]. Mac et al. reported that 44% and 47.8% of 
survivors of SARS suffered from respective 
depressive symptoms and PTSD after infection 
[15]. 

None of the demographic variables appeared 
to contribute to the mean scores of depression, 
anxiety, and stress. We did not observe any effect 
of age in our sample of patients. However, Yang 
et al. reported that older adults in crisis condi- 
tions could experience significantly more dis- 
tress. Therefore, the older population may need 
relative more mental health intervention [16]. 


Frequency 0o 

16 7.25 
85 38.46 
120 54.29 
28.07 + 5.07 

6 2.71 
215 97.29 
27:02 £35.13 

I 0.45 
94 42.53 
103 46.61 
23 10.41 
28.59 + 5.19 


Stress levels were not related to educational qual- 
ifications indicating that patients with all levels 
of educational qualifications who are positive for 
COVID-19 were adversely affected. 

There is growing evidence that in confirmed 
or suspected COVID-19 infection, patients will 
need more advanced mental healthcare [17]. 
Despite the mental health problems reported 
among patients with COVID-19, few of the 
healthcare workers on the frontlines had received 
training in providing mental healthcare [8, 18, 
19]. For individuals with suspected or confirmed 
COVID-19 infection who are under treatment 
(quarantine or at home), health service personnel 
should provide medical care and mental health- 
care [20]. Special attention needs to be paid for 
the behavioral and mood changes of these 
patients. Insomnia, anxiety, anger, rumination, 
decreased concentration, low mood, and loss of 
energy are listed as warning symptoms that 
should be evaluated and managed by mental 
healthcare professionals [17]. In view of this, 
there is an urgent need to develop and recom- 
mend online and on-site mental health interven- 
tions such as psychotherapy [21]. This should 
involve multidisciplinary mental health teams 
with expertise in specialized psychiatric treat- 
ments to provide appropriate mental health ser- 
vices during and after this COVID-19 epidemic 
with specific treatment plans, progress reports, 
and health status updates. There is a need to 
secure services to provide psychological 
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counseling in this group of patients. There should 
be more use of electronic devices and applica- 
tions for affected patients as well as their families 
and members of the public. There is also a need 
to establish safe communication channels 
between patients and families. To date, mental 
health interventions are only provided for those 
presenting with more severe mental health prob- 
lems [5]. Since personnel such as clinical psy- 
chiatrists, psychologists, and mental health social 
workers are unable to enter isolation wards for 
patients with. COVID-19, frontline healthcare 
workers should be trained to provide psychologi- 
cal interventions for patients with COVID-19 in 
hospitals [20]. 

One of the limitations of this study was the 
single-center cross-sectional survey design 
which limits the generalizability of the findings. 
In addition, this study was conducted at the 
onset of the COVID-19 outbreak, and, there- 
fore, there might be further changes in the men- 
tal health status of these patients. Finally, we did 
not assess the risk factors that may have affected 
depression, anxiety, and stress in patients with 
COVID-19 infection, and the prior absence of 
mental disease in these patients was self- 
reported. Further studies should focus on the 
incorporation of molecular biomarkers into such 
tests to increase accuracy. Such biomarkers 
should be easily accessible for ease of sampling 
and to minimize patient discomfort. For exam- 
ple, this could include analysis of stress-related 
biomarkers such as cortisol and alpha-amylase 
A in saliva [22, 23] and proinflammatory cyto- 
kines such as tumor necrosis factor alpha and 
interleukin (IL)-1 and IL-6 in blood serum or 
plasma [24, 25]. 


19.5 Conclusions 


In this study, patients infected with COVID-19 
reported severe and extremely severe psycho- 
logical distress. There is a need for introduction 
of the mental health interventions in this patient 
group. As the situation has now progressed to a 
pandemic, the effects on mental health could be 
even more profound. This is also complicated 
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by the risk of further outbreaks, the lack of treat- 
ments and a vaccine, as well as the effects on the 
economy at a global level. Given these chal- 
lenges, it will be important to incorporate the 
use of molecular biomarkers to increase the 
accuracy of assessing the dynamic changes in 
mental health during the evolution of the 
pandemic. 
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The outbreak of COVID-19 has laid unprece- 
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selected by using census sampling. All statistical 
analyses were performed using R version 3.5.1. 
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Results 

The study population included 217 HCWs 
(111 male, 116 female) and the mean age of 
the study group was 39.6 years old. 
Approximately two-thirds of the HCWs 
stayed in the hospital for 2-3 weeks. The 
mean scores of depression and stress were at a 
"severe" level, while anxiety scores were at an 
"extremely severe" level. The prevalence of 
severe scores was 38.71%, 2.30%, and 48.97% 
for depression, anxiety, and stress, and the 
prevalence of extremely severe scores was 
46.54%, 97.24%, and 4.98% depression, anxi- 
ety, and stress, respectively. In stress subscale, 
moderate stress was 47.46%. Female HCWs 
reported higher levels of depression compared 
with males. 


Conclusion 

In this study, HCWs reported experiencing 
severe and extremely severe psychological 
burdens. Timely interventions to promote 
mental health in HCWs exposed to patients 
with COVID-19 need to be immediately 
implemented, with female nurses requiring 
particular attention. This process could be 
facilitated via tests for molecular biomarkers 
in accessible body fluids, such as saliva, 
plasma, and serum. 
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20.1 Introduction 

In late December 2019, an outbreak of the 2019 
novel coronavirus (COVID-19) caused a substan- 
tial public health crisis in China, and then this 
spread around the world [1]. On 19 February 
2020, the first patient was diagnosed with 
COVID-19 in Iran. Healthcare workers (HCWs) 
on the frontline are directly involved in the diag- 
nosis, treatment, and care of patients with 
COVID-19 [2]. In the early stages of the 
COVID-19 epidemic, it was reported that infected 
HCWs accounted for 29 percent of all hospital- 
ized COVID-19 patients [3]. HCWs are vulnera- 
ble not only to increased risk of infection but are 
also at increased risk for mental health disorders. 
HCWs develop a psychological burden from psy- 
chological distress and other mental health symp- 
toms [2]. The global number of COVID-19 cases 
has already exceeded that of most previous epi- 
demics, and the death toll has also exceeded that 
of the severe acute respiratory syndrome (SARS) 
viral outbreak [4]. 

It is likely that HCWs experience a fear of 
spreading and transmitting COVID-19 to their 
colleagues, friends, or families [5]. HCWs who 
worked in high-risk clinical settings had signifi- 
cantly more post-traumatic stress symptoms than 
those who were not exposed to these settings. 
Even years after the SARS outbreak, relatively 
high levels of post-traumatic stress disorder 
(PTSD) symptoms were experienced by hospital 
employees who had been at a high risk of con- 
tracting the virus [6]. It was reported that the 
mental stress of HCWs increased significantly 
during the SARS epidemic since they had to wear 
thick isolation clothes, care for a large number of 
anxious patients, and work in a relatively con- 
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fined space. The high-intensity work further neg- 
atively affected the mental health of the medical 
staff, especially in the cases of those who came 
from all over the country to support HCWs work- 
ing in the region [7]. HCWs who worked during 
the SARS outbreak reported depression, fear, 
anxiety, and disappointment | year after the out- 
break. Also, HCW SARS survivors had higher 
levels of stress and psychological distress than 
other SARS survivors [8]. 

There is a paucity of evidence on the psycho- 
logical disorders of HCWs in the past epidemics. 
Acute mental healthcare interventions for health 
professionals and mental health interventions tar- 
geting frontline healthcare workers are relatively 
rare [2]. The aim of the current study was to eval- 
uate mental health outcomes among healthcare 
workers treating patients with COVID-19 by 
quantifying the magnitude of symptoms of 
depression, anxiety, and stress. The aim of this 
study was to provide an assessment of the mental 
health of Iranian healthcare workers in 
Baqiyatallah Hospital, Tehran. 


20.2 Material and Methods 
20.2.1 Study Design 


A cross -sectional survey-based study was con- 
ducted in February and March 2020 at 
Baqiyatallah Hospital, one of the main and refer- 
ral centers for specialized diagnosis and treat- 
ment of patients with COVID-19 in Tehran. 


20.2.2 Participants 


All HCWs including nurses, physicians, and 
other medical personnel who had at least 1-week 
involvement in providing direct services to con- 
firmed or suspected COVID-19 patients were 
enrolled after informed consent. The samples 
were analyzed by the census method. People with 
pre-existing physical and mental disorders were 
excluded. The degree of symptoms of depression, 
anxiety, and stress was assessed by the Iranian 
version of DASS-21. 
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20.2.3 Sample Size 


The target sample size calculated the first-type 
error of five-hundredth and the second-type error 
was considered two-tenths, and a 50% satisfac- 
tion was assumed to estimate the maximum sam- 
ple size, using Cochran’s sample size estimation 
formula [9]. The sample size was estimated to be 
87 people. According to the nature of the study 
and the probability of participant dropouts, a 
20% dropout rate was considered and the final 
sample size was estimated to be 110 
participants. 


20.2.4 Outcomes, Covariates, 
and Research Tools 


The symptoms of depression, anxiety, and stress 
were assessed in all participating HCWs. The 
modified DASS-21 was used to collect data. In 
1995, Lovibond designed and validated this 
questionnaire [10] to measure psychological dis- 
tress among people with 21 items. These items 
included three subscales of depression, anxiety, 
and stress. Each subscale included seven ques- 
tions. Each item was given a rating of "never," 
‘little,’ "moderate" and “many.” The lowest 
score was 0 and the highest score was 3. 

In this questionnaire, questions 3, 5, 10, 13, 
16, 17, and 21 are related to depression; ques- 
tions 2, 4, 7, 9, 15, 19, and 20 are related to anxi- 
ety; and questions 1, 6, 8, 11, 12, 14, and 18 
assessed stress. The cutoff points are as follows 
for each score range: depression, 0—4 = normal, 
5—6 = mild, 7-10 = average, 11—13 = severe, and 
> 14 = very severe; stress, 0-7 = normal, 
8-9 = mild, 10-12 = average, 13-16 = severe, 
and > 17 = very severe; and anxiety, 0—3 = nor- 
mal, 4-5 = mild, 6-7 = average, 8—9 = severe, and 
> 10 = very severe. 

Validity and reliability of this questionnaire in 
Iran was performed by Sahebi et al. [11]. The 
validation found that the three subscales of ques- 
tionnaire had high internal consistency with 
Cronbach’s alpha values of 0.77, 0.79, and 0.78 
for depression, anxiety, and stress, respectively 
[11]. A previous study carried out in China 
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showed similar Cronbach’s alpha values of 0.94 
for depression, 0.92 for anxiety 0.82 for stress 
[12]: 

Demographic characteristics were self- 
reported by participants, including their sex, age, 
working experience, marital status, and hospital 
stay time. 


20.2.5 Ethical Considerations 


The study was approved by the Research Ethics 
Committee and vice-chancellor in Research and 
Technology of Bagiyatallah University of 
Medical Sciences (code IR.BMSU. 
REC.1398.442). The objectives of the study were 
stated to the HCWs and informed consent was 
obtained from each one for their participation in 
the study. They were also assured of 
confidentiality. 


20.2.6 Statistical Analysis 


All statistical analysis was conducted using R 
Statistical Software (version 3.5.1; R Foundation 
for Statistical Computing). The Shapiro-Wilk 
test was conducted to assess normality of data 
distribution. The qualitative variables were pre- 
sented by frequency and percentage. The out- 
come numeric variables were presented by 
means and standard deviation (SD). Independent 
sample t-tests were used to test the differences 
in means of depression, anxiety, and stress 
symptom scores with respect to gender and mar- 
ital status, and one-way ANOVA tests were con- 
ducted to determine statistical differences in 
scores with respect to age and hospital stay 
time. The level of statistical significance was set 
at P < 0.05. 


20.3 Results 


The DASS questionnaires were completed by 
217 medical staff (111 males, 106 females). 
Their demographic characteristics are summa- 
rized in Table 20.1. Participants ranged in age 
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from 28 to 62 years old and were 39.57 years old 
on average. Approximately 72% of subjects 
(n = 158) were married. The majority of staff 
stayed in the hospital for 2-week (31.79%) or 
3-week (32.72%) durations (Table 20.1). 
According to “working experience in ward,’ a 
similar number of staff had been there less than 
and more than 10 years. 

The results of our study showed that the com- 
parison of mean scores for all the three DASS 
subscales were not statistically significant in 
terms of “age group," “marital status," “working 
experience in ward,’ and “hospital stay time” 
variables (Table 20.1). Our findings indicated 
that the depression scores for females were 
higher than males (p = 0.011), but these differ- 
ences were not significant for the stress and anxi- 
ety components. 

The mean scores of symptoms of depression, 
anxiety, and stress were found to be "severe" 
(Table 20.2). The prevalence of these severe 
symptoms of depression, anxiety, and stress was 
46.54%, 97.24%, and 38.71%, respectively. 
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20.4 Discussion 


The aim of this cross-sectional survey was to 
provide an assessment of the mental health of 
Iranian healthcare workers in the Bagqiyatallah 
Hospital, in Tehran, Iran, which can serve as 
guidance in the promotion of mental well-being 
among healthcare workers. The results of the 
current study suggested that there was a high 
prevalence of mental disorder symptoms among 
HCWSs treating patients with COVID-19. All 
HCWs reported different levels of depression, 
anxiety, and stress, including severe anxiety in 
97.24% and severe depression in 46.54% of 
HCWs. In this study, 86.11% of the HCWs 
reported severe and extremely severe stress 
signs. A study by Jianbo et al. showed that a 
significant proportion of HCWs in China expe- 
rienced anxiety, depression, and insomnia 
symptoms, and psychological distress was 
reported by more than 70% [2]. In one study 
reporting the immediate psychological impact 
on HCWs in Wuhan, the levels of stress, depres- 
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Table 20.1 The mean (+SD) scores for psychological symptoms in terms of age group, gender, marital status, working 


experience in ward, and hospital stay time (n = 217) 


Variable 


Frequency (%) Depression score 


Age 27.51 + 4.183 | 26.45 + 4.616 
27.35 + 4.566 |26.14+4.114 
26.83 + 4.494 | 24.94 + 4.394 

p-value 0.713 0.724 0.206 

Gender 26.25+5.55 | 25.33 + 5.38 
26.21+5.72 | 27.08 + 4.64 

p-value 0.953 0.011 

Marital status 25.9] £5.52. | 26.57+4.98 
27.08 + 5.84 | 25.15+5.31 

p-value 0.172 0.078 


Working experience in ward 109 (50.2) 2631x424 | 25.95+5.29 | 26.04 + 4.82 


108 (49.8) | 26.00+4.25 | 26.52 + 5.94 


25062557 
2583 2 535 
26,65 x 5.69 
26.53 +5.90 


p-value 
Hospital stay time 


p-value 


‘Statistically significant 


26.33 + 5.38 
0.454 0.669 

26.16 + 5.39 

25.06 + 5.57 

25.83 + 5.17 

26.96 + 4.29 
0.648 0.412 


Table 20.2 Prevalence and score severity ratings of depression, anxiety, and stress among medical staff (n = 217) 


Psychological variable Frequency D 

Depression 32 14.75 
101 4654 
Extremely severe a 38.71 
MEAN + SD =: 18 + 5.09 

Anxiety Moderate 0.46 
EEN 97.24 
Extremely evere 5 o | 230 
MEAN + SD » 16 x 4.24 

Stress Mild 8.76 
i 47.46 
38.71 
5.07 
MEAN + SD 26.23 + 5.62 


sion, and anxiety were 29.8%, 13.5%, and 
24.1%, respectively [13]. The above finding 
that Chinese HCWs reported lower levels of 
stress, anxiety, and depression compared to 
Iranian HCWs [13] may be due to the use of 
different questionnaires to assess psychological 
symptoms. We used a modified DASS-21 ques- 
tionnaire that measures symptoms of all three 
psychological domains at the same time. A 
study of the SARS outbreak in Taiwan showed 


that 77.4% of HCWs reported anxiety and 
worry [14]. 

The majority of staff stayed in the hospital for 
a 2-week or 3-week duration, although no differ- 
ence is reported between the mean scores of psy- 
chological distress and the duration of staying in 
the hospital. Female HCWs reported signs of 
depression more than males, and this was statisti- 
cally significant. In the Wuhan study, the females 
reported higher levels of depression [15], and 


242 


other studies have also confirmed that females 
have a higher risk of depression, anxiety, and 
psychological stress [2, 16]. This could be attrib- 
uted to the multiple accepted roles in the lives of 
females, and they generally carry more responsi- 
bility toward families and children. Therefore, 
specific attention is warranted regarding the men- 
tal health well-being of female HCWs treating 
patients with COVID-19. 

Another variable in our study was the experi- 
ence of working in the ward. We found no signifi- 
cant difference between >10 years and «10 years 
experience of working in the ward. However, 
another study demonstrated that anxiety, depres- 
sion, and acute stress increased with years of 
working [15]. The reason for the discrepancy in 
these two studies is not clear but warrants further 
study. 

Well-timed mental health needs for HCWs 
should be addressed urgently. We need a compre- 
hensive assessment of risk factors leading to vari- 
ous psychological disorders to design appropriate 
psychological interventions. For example, in the 
COVID-19 outbreak, the Chinese government 
implemented rapid and comprehensive emer- 
gency interventions. A series of guidelines have 
been established since the first confirmed case 
emerged in dealing with COVID-19 which 
includes (a) education and training of staff, (b) 
mental healthcare, (c) monitoring of the physical 
condition, (d) management of protective equip- 
ment, and (e) reassignment of medical resources 
[7 ]. 

The limitations of this study include the point 
that this was a single-center cross-sectional sur- 
vey which limits the generalization of our find- 
ings. In addition, the study was conducted at the 
onset of the COVID-19 outbreak and may there- 
fore not account for changes in mental health 
symptoms that are likely to change as the epi- 
demic progresses. Also, we could not assess vari- 
ous risk factors that affected the symptoms of 
depression, anxiety, and stress in HCWs. We rec- 
ommend construction of an algorithm that allows 
simultaneous assessment of HCWs at both the 
psychological and molecular levels for increased 
accuracy of testing over the changing course of 
the virus. For example, studies of physicians 
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experiencing burnout syndrome have found ele- 
vated levels of both salivary and serum cortisol 
levels, as well as increased serum levels of gly- 
cated hemoglobin (HbA1C) [17]. Another study 
which assessed the effect of the working environ- 
ment on nurses found that stress symptoms were 
negatively correlated with serum levels of dehy- 
droepiandrosterone sulfate and positively corre- 
lated with serum interleukin-6 levels [18]. 


20.5 Conclusions 


In this study, the healthcare workers reported 
severe or extremely severe symptoms of depres- 
sion, anxiety, and stress. Timely focused inter- 
ventions to promote mental health in HCWs 
exposed to COVID-19 should be performed in a 
timely manner, especially in the case of female 
nurses. In conclusion, the COVID-19 outbreak is 
a significant threat to international health, espe- 
cially for the psychological well-being of health- 
care workers. For the protection of medical staff, 
further research needs to be done to assess the 
risk factors for mental health in these critically 
important individuals. Such research should take 
into account the changing status of the COVID-19 
outbreak and the effects on societies and finan- 
cial institutions across the globe. Finally, molec- 
ular biomarkers could be combined with 
psychological assessments to increase accuracy 
of testing. 
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Abstract 


Aim 

The COVID-19 was declared a pandemic in 
early 2020 and is associated with high public 
anxiety all over the world. The healthcare 
community is at the highest risk of infection 
and thereby prone to most distress. The aim of 
this study was to explore and evaluate the 
degree of depression, anxiety, and stress levels 
among medical college students during the 
COVID-19 epidemic in Iran. 
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Methods 

A cross-sectional study was conducted in 
February and March 2020, 3 weeks after the 
first reported COVID-19 infection was identi- 
fied in Iran. All medical college students who 
entered clinical courses were eligible for the 
study. Depression, stress, and anxiety were 
evaluated in these students using the DASS-21 
questionnaire. Participants were selected by 
using availability sampling. All statistical 
analyses were performed using R version 
35. 
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Results 

The total number of participants was 207, with 
143 males and 64 females. More than half of 
the participants (57.97%) were married. The 
mean duration of working experience among 
students with COVID-19 infection and experi- 
ence in a medical ward was 3.00 + 1.27 days 
and 17.40 + 7.26 months, respectively. The 
majority of students had 2 or 3 days working 
experience with COVID-19 infection. The 


mean anxiety score of participants was 
28.56 + 4.68, the depression score was 
29.36 + 4.42, and the stress score was 


28.99 + 4.53. Our findings indicated that the 
mean scores of depression were at an 
“extremely severe” level, while stress and 
anxiety were at “severe” levels. The preva- 
lence of “severe” symptoms of depression, 
stress, and anxiety was 69.57%, 60.87%, and 
99.04%, respectively. 


Conclusions 

There is a high prevalence of anxiety and 
depression among medical students who were 
exposed to COVID-19-infected patients. Our 
results highlight the need to establish psycho- 
logical support programs, training, and self- 
care for medical college students in relation to 
mental health. We recommend incorporation 
of molecular biomarker tests into an algorithm 
to aid in assessments and consideration of the 
appropriate therapeutic responses. 
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21.1 Introduction 

The global outbreak coronavirus disease 2019 
(COVID-19) started with the infection of a large 
number of people in China in December 2019 
[1]. On 19 February 2020, the first patient was 
diagnosed with COVID-19 in Iran. In addition to 
healthcare workers, most of the hospitals were 
supported by a number of medical students in the 
last years of their education who were providing 
voluntarily aid in managing patients with 
COVID-19 infections. 

The absence of a comprehensive and defini- 
tive treatment or vaccination program to manage 
this disease has caused fear and anxiety in people 
[2, 3]. In the early stages of the COVID-19 out- 
break, it was reported that around 29 percent of 
COVID-19 patients consisted of infected health- 
care workers [4]. The outbreak has therefore 
imposed a significant psychological stress that 
could lead to undesirable effects on the overall 
psychological health of medical students attend- 
ing patients with COVID-19 [5]. In line with this, 
Al-Rabiaah et al. reported that medical students 
had different levels of anxiety with most reporting 
minimal anxiety levels during the SARS out- 
break [6]. In another study, junior medical stu- 
dents expressed a significantly greater degree of 
anxiety compared to the more senior medical stu- 
dents [7]. 

Many other studies reported psychological 
disorders in the aftermath of an epidemic which 
may not reflect the actual stress subjects felt dur- 
ing the actual event. Also, no studies have inves- 
tigated the psychological distress of university 
medical students during the COVID-19 outbreak, 
although some studies have addressed similar 
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issues among hospital workers and residents [3, 
8, 9]. 

The aim of this study was to explore and eval- 
uate the degree of stress, anxiety, and depression 
among medical students during the COVID-19 
epidemic in Iran. 


21.2 Material and Methods 
21.2.1 Study Design 


A cross-sectional survey was conducted in 
February and March 2020. The study was carried 
out in Tehran, the capital city of Iran 3 weeks 
after the first patient of COVID-19 was identified 
in Iran. 


21.2.2 Participants 


We conducted this survey on medical students 
exposed to patients with corona in Baqiyatallah 
Hospital. Baqiyatallah Hospital is one of the 
main referral centers for the diagnosis and treat- 
ment of patients with COVID-19 in Tehran. The 
medical students were mainly recruited from this 
hospital. Other centers also participated in this 
study, but since the number of medical students 
from other centers was not high enough for 
obtaining a separate ethics code, the dean of each 
center approved data collection for their respec- 
tive centers. None of the participants had any 
physical disabilities or mental health disorders. 


21.2.3 Sample Size 


Cochran's sample size estimation formula was 
applied [10]. We used the following parameters: 
oa = 0.05; p = 0.2; and an assumed 50% satisfac- 
tion probability to estimate the maximum sample 
size. The sample size was calculated to be 87 
people. According to the nature of the study and 
the probability of sample size dropouts, a 2096 
dropout rate was considered and the final sample 
size was 110 participants. 
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21.2.4 Research Tools 


Demographic characteristics were collected 
using a questionnaire, and the parameters 
included age, gender, marital status, working 
experience in the ward, and working experience 
with COVID-19 patients. We focused on symp- 
toms of depression, anxiety, and stress using this 
self-report questionnaire. The Depression 
Anxiety Stress Scale (DASS-21) was used to col- 
lect the data. This questionnaire was designed 
and validated by Lovibond in 1995 [11] to mea- 
sure psychological distress among the commu- 
nity using 21 items. The items included three 
subscales and each subscale included seven 
questions. 

In the translated version, each item had 
choices of never, little, moderate, and many. 
The lowest score linked to each question was 0 
and the highest score was 3. In this question- 
naire, the depression subscale included ques- 
tions 3, 5, 10, 13, 16, 17, and 21; and questions 
1, 6, 8, 11, 12, 14, and 18 assessed stress; and 
questions 2, 4, 7, 9, 15, 19, and 20 related to the 
anxiety subscale. The sum of all individual 
scores related to each section was multiplied by 
two. Validity and reliability studies of this ques- 
tionnaire were carried out in Iran. The Persian 
version of the scale with appropriate psycho- 
metric properties was used in our study. For the 
total score of DASS-21, the Cronbach alpha 
was 0.94. The Cronbach alpha for depression, 
anxiety, and stress scales was 0.85, 0.85, and 
0.87, respectively [12]. 


21.2.5 Ethical Considerations 


This study was approved by the Ethics 
Committee of  Baqiyatallah University of 
Medical Sciences (code IR.BMSU. 
REC.1398.439). In addition, the objectives of 
the study were explained, and informed consent 
was obtained from each student regarding their 
participation in the study. All students were 
assured that all of the resulting data would be 
treated with confidentiality. 
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21.2.6 Statistical Analysis 


All statistical analyses were performed using R 
software, version 3.5.1. Categorical data (age 
group, gender, marital status, working experience 
in the ward, and working experience with 
COVID-19) were described with numbers and 
percentages, and continuous data (depression, 
anxiety, and stress scores) were given as means 
and standard deviation (SD). Differences in the 
mean scores of the DASS-21 subscales among 
groups with different sociodemographic and 
clinical characteristics were calculated using an 
independent sample t-test or one-way analysis of 
variance (ANOVA). All tests were two-tailed, 
with a statistical level set at p < 0.05. 


21.3 Results 


The total number of participants was 207, with 
143 males (69.08%) and 64 females (30.82%). 
More than half of the participants (57.97%) were 
married. The mean student working experience 
with COVID-19 and experience in the ward was 
3.00 + 1.27 days and 17.40 + 7.26 months, 
respectively. The majority of students had 2 or 
3 weeks working experience with COVID-19 or 
in the ward (Table 21.1). 

According to the results of t-tests and one-way 
ANOVA, the comparison of mean scores for 
stress, depression, and anxiety DASS-21 sub- 
scales was not statistically significant among the 
variables of “age,” “gender,” “marital status," and 
“working experience in ward” (Table 21.1). 
Furthermore, depression and stress scores were 
not significantly different across “working expe- 
rience with corona” categories. However, the 
anxiety level was significantly different in terms 
of “working experience with COVID-19” 
(p-value = 0.016). 

The anxiety score of participants was 
28.56 + 4.68, the depression score was 
29.36+4.42, and the stress score was 28.99 + 4.53 
(Table 21.2). Our findings indicated that the mean 
scores of depression were at the “extremely 
severe” level, while stress and anxiety levels 
were “severe.” The prevalence of “severe” symp- 
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toms of depression, stress, and anxiety was 
69.57%, 60.87%, and 99.04%, respectively. 


21.4 Discussion 


The COVID-19 outbreak in Iran and virtually 
all other countries and territories of the world is 
one of the most significant threats to national 
and international public health that has occurred 
in more than a century since the 1918 Spanish 
flu. The main purpose of this study was to mea- 
sure the current prevalence and severity of psy- 
chological distress in Iranian medical college 
students during the early phase of the COVID- 
19 outbreak. The results confirmed that the 
amount of depression, anxiety, and stress was 
severe and extremely severe during the first days 
of the outbreak in medical students exposed to 
COVID-19 patients. The prevalence of 
extremely severe symptoms of depression was 
69.57%. The prevalence of severe symptoms of 
stress and anxiety was 60.87% and 99.04%, 
respectively. 

Anxiety is a worry about future events, and 
fear is a reaction to the current events. The 
increasing number of COVID-19 cases and its 
geographical expansion, the infectious cause, 
epidemiological characteristics, rapid transmis- 
sion pattern, and insufficient preparedness has 
raised significant fear and anxiety about the out- 
break [13]. In another study, the mean of per- 
ceived stress score in healthcare students was 
18.4 and in non-healthcare students this was 
19.6, which are both more than the mean com- 
munity scores [14]. Nursing students had a 
higher level of perceived stress in comparison to 
other students. It has been reported that direct 
care of patients with SARS probably resulted in 
the high levels of stress in the nursing students. 
The causes of higher stress in the non-healthcare 
students were perceived as a lower opportunity 
for treatment and a higher risk of death from 
SARS. In our study, the mean scores for stress, 
depression, and anxiety were not significantly 
different due to age group, gender, marital status, 
or working experience in the ward. Similar to the 
results of our study, Wong et al. reported no dif- 
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Table 21.1 The mean (+SD) scores for psychological symptoms in terms of age group, gender, marital status, working 
experience with COVID-19, and working experience in ward (n = 207) 


Variable 
Age 


Frequency (%) Depression score 
88 (42.5) | 28.25+4.94 | 28.61+4.61 | 29.59 + 4.16 


119 (57.5) | 28.79+4.48 2928x447 | 29.19 + 4.62 


p-value 
Gender 


0.524 


0.413 0.299 


143 (69.08) |28.63 +4.21 28.711 £444 | 29.45 + 443 


64 (30.82) |28.41 +5.63 |29.63 +4.71 | 29.16 + 4.43 


p-value 
Marital status 


0.655 


0.777 0.182 


120 (57.97) |28.62 +4.52 | 29.20+4.32 | 29.02 + 4.30 


87 (42.03) | 28.48+4.92 28.71 £4.82 | 29.84 + 4.57 


p-value 
Working experience with 
corona 


0.187 


0.840 0.446 


23 (11.12) |27.22+5.14 | 28.70+5.06 | 29.30 + 3.84 
57 (27.55) | 27.02 + 3.984 | 28.28 +4.57 | 29.12 + 4.24 


29.60 +4.37 | 28.87 + 4.74 
29.68+4.18 | 29.89 + 4.67 
27.92 + 4.88 | 30.17 + 3.38 
31.00 + 3.74 | 30.33 + 7.42 


p-value 
Working experience in ward 


0.016? 0.312 0.775 


21 (10.14) |27.81 +4.85 |29.81 +3.74 | 28.67 + 4.68 


28.87 +4.93 | 29.04 + 3.86 
29.89 + 4.56 |29.86 + 4.45 
27.75 + 4.30 |29.70 + 4.58 
28.94 +3.82 | 28.71 +4.76 
27.20 +4.82 | 30.40 + 4.36 


p-value 


aStatistically significant 


0.785 


0.237 0.067 


Table 21.2 Prevalence and score severity ratings of depression, anxiety, and stress among students (n = 207) 


Psychological Variable Frequency % 

Depression Moderate dS 
144 69,57 
Extemelysevere 0 (2898 
MEAN + SD 29.36 + 4.42 

Anxiety Severe (205 99.04 
Exremdysevre 2 — | 096 
MEAN + SD 28.56 + 4.68 

Sires wu 0 
Moderate o 3043 
126 60.87 
7 8.22 
MEAN + SD 28.99 + 4.53 


ference between perceived stress levels between 
genders or other groups [14]. Another study 
reported that female students had significantly 
higher mean stress levels than male students [6]. 
In our study, there was no difference between 
junior and senior medical students and the num- 
ber of days they had been in the COVID-19 


ward. This finding contrasts with studies of the 
SARS epidemic, which showed that the stress 
levels in medical students were higher in junior 
compared to senior medical students [6]. The 
current study showed that the anxiety score was 
significantly different for students with different 
durations of working experience with COVID- 
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19. This showed that anxiety scores were higher 
among the medical students who had worked 
with COVID-19 patients for higher numbers of 
days. 

Medical students, by having more experience in 
hospital setting, are thought to have a realistic 
assessment of the infectious diseases and should be 
able to control their stress levels more effectively. 
The results of one study have shown that increased 
knowledge about the SARS virus led to a reduction 
in their stress levels about this infection [15]. 
Knowledge toward prevention and control of the 
disease 1s necessary among the health students as 
they are at a higher risk of newly emerging diseases 
due to increased exposure via contact with patients. 
Another study confirmed that medical students 
would benefit in this way from learning about 
emerging infectious diseases [5]. 

A possible limitation of this study is that we 
recruited participants by convenience sampling. 
Therefore, the results cannot be interpreted and 
generalized to all medical students. In addition, 
this study was conducted at the onset of the 
COVID-19 outbreak. Therefore it is possible 
that with the continuing epidemic the mental 
health symptoms of medical students may also 
change. Finally, risk factors for depression, anx- 
iety, and stress were not assessed in this cohort 
of medical students. To improve the accuracy of 
testing, we recommend combined assessment of 
molecular biomarkers in readily accessible body 
fluids. For example, studies have shown that 
cortisol] levels in saliva are associated with 
symptoms of anxiety, depression, and post-trau- 
matic avoidance [16], and salivary amylase lev- 
els could be useful for assessment of individuals 
working in stressful and isolated environments 
[17]. Furthermore, a systematic review found 
that serum levels of inflammatory biomarkers 
such as interleukin (IL)-1p, IL-5, and IL-6 could 
be used to identify individuals with panic disor- 
der [18]. These studies help to illustrate the 
emerging point that mental illnesses can be 
characterized by biomarkers in body fluids 
through mind-body feed-forward and feedback 
systems. 
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21.5 Conclusions 


In this study, medical college students reported 
severe and extremely severe psychological dis- 
tress during the COVID-19 epidemic in Iran and 
through their experiences with patients. As it is 
still certain whether or not there will be a second 
wave of this virus, 1t will be critical to establish 
mental health intervention programs to help med- 
ical students and other healthcare works adapt to 
this challenging unprecedented situation. 
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Abstract 


Methods 


Aim 

The ongoing COVID-19 outbreak has not 
only had an impact on physical health but also 
on psychological health. The aim of this study 
was to measure the prevalence and severity of 
psychological distress in the community due 


This cross-sectional survey was conducted in 
February and March 2020 in Tehran, Iran. We 
analyzed demographic characteristics and 
assessed depression, anxiety, and stress levels 
in 241 people using convenience sampling and 
the DASS-21 questionnaire. All statistical 
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Results 
The study population included 241 


community-dwelling participants, of whom 
145 were women and 96 were males. The 
mean age was 49.16 + 8.01 years. 
Approximately two-thirds of participants 
(n = 158) reported no history of comorbid ill- 
ness. The mean scores of depression and stress 
were at a "severe" level, while anxiety levels 
were at an “extremely severe" level. The prev- 
alence of severe and extremely severe depres- 
sion readings was 51.45 and 38.17%, 
respectively. In the anxiety subscale, the prev- 
alence of severe and extremely severe depres- 
sion was 95.90 and 4.1%, and in the stress 
subscale the prevalence was 48.97 and 4.98%, 
respectively. 


Conclusion 

In this study, people reported experiencing 
severe and extremely severe psychological 
distress. Therefore, there is an urgent need to 
implement mental health intervention policies 
to cope with this ongoing challenge. We sug- 
gest that the incorporation of molecular bio- 
marker tests into the algorithm could aid in 
assessment of patients and guide the most 
appropriate therapeutic response. 
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22.1 Introduction 

On 19 February 2020, the first patient with 
COVID-19 infection was identified in Iran. The 
increasing number of coronavirus cases and its 
geographical expansion has raised significant 
concerns around the world. The mental health of 
the community is also at risk due to the highly 
infective nature of the disease, the epidemiologi- 
cal characteristics, the lack of preparedness of 
the health authorities and healthcare systems, 
and an insufficient supply of protective equip- 
ment [1]. In addition, the absence of a compre- 
hensive and definitive treatment protocol or 
vaccination program against this disease led to 
the introduction of home quarantine to limit 
transmission of the virus on the basis of recom- 
mendations from health organizations [2]. This 
resulted in the closure of all schools, universi- 
ties, and recreation centers and restrictions on 
commuting were also imposed. These conditions 
can lead to various negative psychological 
impacts, such as post-traumatic syndrome disor- 
der (PTSD), confusion, and anger in society. 
Quarantine, fear of infection, frustration, bore- 
dom, lack of information, loss of property, and 
stigma are known stressors that can affect psy- 
chological health [3]. 

The fear of the unknown effects of the novel 
2019 coronavirus raised anxiety levels in healthy 
persons as well those with preexisting mental 
health conditions [4]. One study has shown the 
persistence of these mental disorders 4—6 months 
after the Middle East respiratory syndrome 
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(MERS) epidemic [5]. The underlying causes for 
the continued anxiety and stress included worries 
about symptoms, inadequate equipment, absence 
of social networking, and a history of psychiatric 
illness. It has been suggested that these individu- 
als need psychological help and long-term fol- 
low-up. Anxiety and stigma were also reported as 
the most important psychological issues in the 
severe acute respiratory syndrome (SARS) epi- 
demic [6]. In addition, pharmaco-epidemiological 
studies have confirmed an increase in the rate of 
prescription and use of antidepressant drugs after 
various disasters and natural events, which reflect 
increased anxiety and depression among the pop- 
ulation [7]. In addition to the above effects of the 
MERS and SARS outbreaks, the COVID-19 pan- 
demic has led to reduced face-to-face communi- 
cation, associated with a range of mental 
disorders such as panic, stress, and depression. 
For the first time, we are facing a widespread epi- 
demic in the Iranian community. Therefore, we 
need to provide a concrete basis for tailoring and 
implementing relevant mental health intervention 
policies to cope with this challenge efficiently 
and effectively. 

So far, there is no epidemiological data on 
mental health and psychological outcomes of 
COVID-19 infection. The main aim of this study 
was to measure the prevalence and severity of 
psychological distress to compute the current 
mental health burden of COVID-19 pandemic on 
Iranian society. 


22.2 Material and Methods 

22.2.1 Study Design 

This cross-sectional survey was conducted in 
February and March 2020. 

22.2.2 Setting 

Since Tehran is the capital city in Iran and people 


from all over Iran live there, it was selected for 
sampling. 
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22.2.3 Participants 


All adults over the age of 18 who were interested 
in participating in the study and who could read 
and write with no known physical disability or 
mental disorder were selected using available 
sampling. 


22.2.4 Sample Size 


We used a first-type error of five-hundredths, a 
second-type error of two-tenths, and an assumed 
50% satisfaction probability to estimate maxi- 
mum sample size. The sample size was calcu- 
lated to have 87 people. According to the nature 
of the study and the probability of dropouts, we 
allowed for a 20% increase of the calculated size, 
which resulted in 110 individuals being selected. 
Cochran’s sample size estimation formula in the 
epidemiologic study was used [8]. 


22.2.5 Outcomes, Covariates, 
and Research Tools 


We focused on symptoms of depression, anxiety, 
and stress for all participants, using the Iranian 
version of validated measurement tools. The 
Depression Anxiety Stress Scale (DASS-21) was 
used to collect data. This questionnaire was 
designed and validated in 1995 to measure psy- 
chological distress among the community with 
21 items [9]. The scale includes three subscales, 
and each subscale includes seven questions. In 
the translated version, each item has choices of 
never, little, moderate, and many. The lowest 
score is equivalent to O and the highest score is 3. 
In this questionnaire, questions 2, 4, 7, 9, 15, 19 
and 20 are related to anxiety; questions 3, 5, 10, 
13, 16, 17, and 21 concern depression; and ques- 
tions 1,6,8, 11, 12, 14, and 18 are for assessment 
of stress. 


(a) Stress: scores from 0 to 7 are considered nor- 
mal, 8—9 mild, 10—12 average, 13—16 severe, 
and higher than 17 is very severe. 
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(b) Anxiety: 0—3 is normal, 4—5 mild, 6-7 aver- 
age, 8—9 severe, and higher than 10 is very 
severe. 

(c) Depression: a score from 0 to 4 is considered 
normal, 5-6 mild, 7-10 average, 11-13 
severe, and higher than 14 is very severe. 


The validity and reliability of this questionnaire 
have already been established in Iran. For 
instance, in a study done on 970 students and 
armies, the authors reported that the translated 
questionnaire was comparable with the original, 
with high internal correlations of 0.77, 0.79, and 
0.78 for depression, anxiety, and stress, respec- 
tively [10]. This was comparable with a study 
carried out in China, which reported Cronbach's 
alpha values greater than 0.80 for all scales in an 
analysis of the effect of the 2008 Sichuan earth- 
quake [11]. 

Demographic characteristics were self- 
reported on questionnaire by participants and 
include sex, age, job, marital status, and educa- 
tional qualifications. 


22.2.6 Ethical Considerations 


The study was approved by the Ethics Committee 
of Baqiyatallah University of Medical Sciences 
with the code IR.BMSU.REC.1398.441. The 
objectives of the study were explained, and 
informed consent was obtained from the partici- 
pants in the study, and they were assured of 
confidentiality. 


22.2.7 Statistical Analysis 


All statistical analyses were performed using R 
version 3.5.1. The inferential statistical analyses 
were conducted using parametric tests since the 
data were found to be normally distributed with 
homogeneous variances, as shown by screening 
the data using the Kolmogorov-Smirnov and 
Levene’s tests, respectively. Independent sample 
t-tests were carried out to test the differences in 
the mean values of the psychological factors 
(depression, anxiety, and stress) by gender and 
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marital status, and one-way ANOVA tests were 
used to determine the mean differences in psy- 
chological factors relative to age, job, and educa- 
tional qualification. The level of statistical 
significance was set at P « 0.05. 


22.3 Results 


The study population included 241 community- 
dwelling participants in Tehran. Of these, 145 
were women and 96 were men. The participants 
were between 37 and 74 years of age, and the 
mean age of the study group was 
49.16 + 8.01 years. In addition, 151 patients were 
married, 82 had a nongovernmental job, 158 
reported no background disease, and the majority 
had a Bachelor's or higher education degree 
(n = 156). There were no significant differences 
in "age" “marital status," “history of disease,” 
and *job" variables across the different DASS 
subscales (Table 22.1). Although female partici- 
pants showed higher depression scores than 
males (independent sample t-test; p = 0.02), the 
mean stress and anxiety scores between males 
and females were not significantly different. 
However, the mean stress scores were signifi- 
cantly different for the “educational qualifica- 
tion” variable, such that individuals with a higher 
educational degree (e.g., a PhD or Master’s 
degree) experienced higher levels of stress 
(Table 22.1). 

The mean scores of depression, anxiety, and 
stress were at a “severe” level. The prevalence of 
"severe" symptoms of depression, anxiety, and 
stress w 51.45, 95.90, and 48.97%, respectively 
(Table 22.2). 


22.4 Discussion 


The main purpose of this study is to measure the 
prevalence and severity of psychological distress 
and to compute the current mental health burden 
on society during the COVID-19 outbreak in 
Iran. The results confirmed that the amount of 
psychological distress in the community ranged 
from severe to extremely severe. More than 
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Table 22.2 Prevalence and score severity ratings of depression, anxiety, and stress among community population 


(n = 241) 
Psychological variable 
Depression Moderate 
Severe 
Extremely severe 
Mean x SD 
Anxiety Severe 
Extremely severe 
Mean + SD 
Stress Mild 
Moderate 
Severe 


Extremely severe 
Mean + SD 


95.9% of the respondents experienced severe 
anxiety, and around 90% of participants reported 
depressive symptoms. Furthermore, more than 
half of the participants had severe or extremely 
Severe stress. 

In comparison with the results from a recent 
study in China which showed that 35% of the 
respondents experienced psychological distress 
during the COVID-19 outbreak there, more than 
half of our participants reported severe or 
extremely severe psychological distress [12]. 
Another study reported that SARS survivors 
experienced similar psychological distress, with 
anxiety and depressive features occurring in 52.2 
and 45.4% of the subjects, respectively [13]. 
Thus, the observed public fear and anxiety are an 
expected consequence of COVID-19 pandemic 
[14]. 

The results of the current study demonstrated 
that there were no significant differences between 
demographic characteristics and psychological 
distress apart from the level of education. Our 
findings suggest that the mean stress subscale 
was significantly different among “educational 
qualification” levels, such that individuals with a 
higher educational degree (e.g., PhD or Master’s 
degree) experienced higher levels of stress. This 
is in concordance with the other two other studies 
which showed that people with a higher educa- 
tion experience more distress, potentially due to 
increased self-awareness of their own health as 
well as other impacts of the virus on the econ- 


Frequency % 
25 10.38 
124 51.45 
92 38.17 
26.09 + 4.39 
231 95.9 
10 4.1 
26.04 + 4.53 
5 2.08 
106 43.98 
118 48.97 
12 4.97 
27.34 + 4.37 


omy, healthcare systems, and society in general 
[12, 15]. 

In accordance with the results of other research 
studies, female respondents showed significantly 
higher psychological distress (depression) than 
their male counterparts [12]. This is similar to the 
results from previous research which concluded 
that women are more vulnerable to stress and are 
more likely to develop post-traumatic stress dis- 
order [16]. 

In our study, there were no differences 
between age of participants and the psychologi- 
cal stress levels observed. However, another 
study showed that young adults older than 
60 years had the highest distress scores [12, 17]. 
Also, we showed that there was no significant 
difference between the presence of various back- 
ground diseases and psychological distress. To 
date, the evidence suggests that the two groups of 
the community who are at a higher risk of getting 
severe COVID-19 disease are older people (over 
60 years old) and those with underlying chronic 
diseases (diabetes, chronic respiratory disease, 
cardiovascular disease, and cancer) [18]. 

The unpredictable nature of the COVID-19 
epidemic has been stimulated by myths and inac- 
curate information, often driven by incorrect 
news reporting and misunderstanding of public 
well-being messages, causing anxiety in the 
community [19]. This suggests that timely men- 
tal healthcare needs to be developed specifically 
for this situation and to help prepare in case of a 
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second wave of the virus. Public health interven- 
tions should be based on a comprehensive assess- 
ment of risk factors leading to psychological 
issues such as the elevation in depressive anxiety 
and stress-related symptoms seen in this study. 

Various countries have implemented different 
programs, strategies, and protocols for overcom- 
ing COVID-19-related psychological distress 
[20]. In line with this, the Ministry of Health in 
Iran has instituted various applied management 
models for overcoming this crisis such as using 
the capabilities of social media and television for 
public education (e.g., providing educational 
clips with more attention to vulnerable groups 
such as the young, the elderly, women, and 
migrant workers), training in the use of personal 
protective equipment, reducing gatherings with 
the campaign “stay at home" to prevent spread- 
ing of the infection, offering training for access to 
medical resources and the public health service 
system, and providing governmental financial 
support for the vulnerable population. There is 
also a movement toward increased screening, 
referral, and targeted intervention for reducing 
psychological distress to prevent further mental 
health problems. Some of the recommendations 
to aid in this include ensuring that sources of 
information regarding the COVID-19 situation 
are reliable; maintaining contact with family, 
friends, and colleagues; and seeking help as 
needed. 

In this study, we could not assess the various 
factors affecting the observed psychological dis- 
tress, and factors such as history of mental dis- 
ease were self-reported. It should also be 
acknowledged that the questionnaire used in this 
study was optimized for use in Iran and may 
therefore not be generalizable to other cultures. 
Finally, these assessments were carried out based 
on reported symptoms only. We suggest that 
accuracy could be increased through combined 
assessment of easily accessible molecular bio- 
markers. For example, a study in 1999 showed 
that evening salivary cortisol levels are associ- 
ated with anxiety, depressiveness, and post- 
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traumatic avoidance [21]. Another study showed 
that salivary amylase levels could be useful for 
assessment of individuals working in a stressful 
and isolated environment [22]. A study showed 
that increased circulating biomarkers of inflam- 
mation such as high-sensitivity C-reactive pro- 
tein, pro-inflammatory cytokines, and decreased 
vitamin D levels are associated with post-stroke 
depression [23]. In line with this, a systematic 
review found that some circulating inflammatory 
biomarkers such as interleukin (IL)-6, IL-1p, and 
IL-5 may be useful for identification of individu- 
als with panic disorder [24]. Finally a number of 
meta-analyses have confirmed that circulating 
levels of brain-derived neurotrophic factor 
(BDNF) are correlated with the course of schizo- 
phrenia and depressive disorders [25]. These 
studies illustrate the connection between the 
mind and body in the maintenance of physiologi- 
cal homeostasis and mental well-being. 


22.5 Conclusions 


The results of the study show that the community 
in Tehran is experiencing severe and extremely 
severe psychological burdens due to the 
COVID-19 outbreak. Given that the situation is 
still ongoing, new mental health intervention pol- 
icles are urgently needed to help individuals 
cope. Just as it 1s important to test for the virus, 
we also recommend testing for detection of 
changes in psychological symptoms. This may 
lead to development of an algorithm which incor- 
porates both symptoms and molecular biomark- 
ers to aid in selection of the most appropriate 
therapeutic response. 
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Abstract 


Identification of the causal risk factors of 
COVID-19 would allow better risk stratifica- 
ton and designing effective therapies. 
Epidemiological data have shown a higher 
incidence and mortality of COVID-19 in 
males compared to females. Here, we have 
used logistic regression analysis modeling to 
determine the association between gender and 
COVID-19 mortality in the Iranian popula- 
tion. The records of 2293 patients with 
COVID-19 infection were analyzed. The odds 
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of death due to COVID-19 were 1.7 times 
higher in males compared to females after 
adjustment for age and background diseases. 
The gender difference was mainly observed at 
higher ages, suggesting an adjusted 2.32-fold 
higher risk of mortality in males aged 
259.5 years old compared to females within 
the same age group. This finding suggests the 
male gender is a potential predisposing factor 
for mortality due to COVID-19 infection. The 
potential role of male hormones, particularly 
testosterone, as therapeutic targets deserves 
further investigation. 
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23.1 Introduction 

The rapidly progressing outbreak of coronavi- 
rus 2019 (COVID-19) disease has called for 
attempts to better identify and control the 
causal risk factors. Consistent with the previous 
coronavirus outbreaks, severe acute respiratory 
syndrome (SARS) and Middle East respiratory 
syndrome (MERS) [1, 2], there is a male pre- 
ponderance in COVID-19 cases. In addition, 
the case fatality rate (CFR) is significantly 
higher in males compared to females, accord- 
ing to reports from China [3] and unpublished 
reports from Italy and the USA. This suggests 
that males may contract a more severe form of 
the disease. Iran is also among the countries 
facing a high disease burden with COVID-19 
cases, yet information on the gender difference 
in mortality rates has not been reported there. 
Here, we used logistic regression analysis mod- 
eling to estimate the crude and adjusted asso- 
ciation between gender and mortality in the 
Iranian population. 


23.2 Methods 


The records of 2293 patients (mean age 
53.7 + 14.6 years), who were hospitalized in the 
Baqiyatallah University of Medical Sciences 
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(Tehran, Iran) from February 17 to March 30, 
2020, were entered in this analysis. All patients 
had a diagnosis based by polymerase chain reac- 
tion (PCR) or computerized tomography (CT) 
findings, and men constituted 71.1% of the popu- 
lation group. Out of the 2293 patients, 97 (4.2%) 
died and the rest of recovered or partially recov- 
ered up to March 30, 2020. The most frequent 
comorbid diseases were chronic heart disease 
(7.9%) followed by hypertension (6.9%), diabe- 
tes (6.4%), cancer (6.3%), chronic lung disease 
(5.5%), and other chronic diseases (3.1%). Out of 
the total patient group, 1463 (63.8%) reported no 
background diseases. 


23.3 Results 


The results of logistic regression analysis indi- 
cated that the odds of death due to COVID-19 
infection was 1.7 times higher in males compared 
to females after adjustment for age and back- 
ground diseases (Table 23.1). At a defined cutoff 
of 59.5 years old (selected from a AUC-ROC 
analysis to predict mortality by age with a sensi- 
tivity of 65% and specificity of 68% in the total 
population), the risk of death for males was 2.32 
times higher than that of females at age 
259.5 years old, while the between-gender differ- 
ence was not significant at «59.5 years old. 
Selecting a cutoff value of 48.6 years old as the 
average menopause age in the Iranian women, 
postmenopausal women were found to have sig- 
nificantly higher odds of death compared with 
premenopausal women. However, applying the 
same age cutoff for men showed an even greater 
mortality rate (Table 23.1). 


23 Gender Susceptibility to COVID-19 Mortality: Androgens as the Usual Suspects? 


Table 23.1 Association between gender and mortality due to COVID-19 (male vs. female as the reference group) 
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Crude model Adjusted model? 

Male vs. female OR (95% CI) P-value OR (95% CI) P-value 
All age groups 1.25 (0.78-1.99) 0.35 1.71 (1.04-2.81) 0.036? 
Age «59.5 years 0.86 (0.41-1.82) 0.69 1.02 (0.46-2.26) 0.954 
Age >59.5 years 1.88 (1.02-3.47) 0.044 2.32 (1.22-4.40) 0.01? 
All men vs. women «48.6 years 4.12 (1.01-16.95) 0.049 1.39 (0.31—6.12) 0.66? 
All men vs. women >48.6 years 0.98 (0.61—1.61) 0.95 1.73 (1.03-2.91) 0.039? 
Age >48.6 vs. «48 years (for women) 4.18 (0.97—17.96) 0.045 4.65 (1.01—21.44) 0.048° 
Age >48.6 vs. <48 years (for men) 8.43 (3.38-21.03) <0.001 8.47 (3.39-21.16) <0.001° 


“Adjusted for age and background diseases 
^Adjusted for background diseases 


23.4 Discussion 


The reason behind the observed gender differ- 
ence is yet to be discovered. However, we elabo- 
rate on some lines of evidence which are 
suggestive of a potential role for sex hormones. 
The angiotensin-converting enzyme 2 (ACE2) 
has a key role in the entry of coronavirus particles 
into the cells and thus in the pathogenesis of the 
disease. On the other hand, ACE2 reduces angio- 
tensin 2 levels and has a protective effect on the 
cardiopulmonary system [4]. Therefore, careful 
evaluation of this double-edged sword among the 
sexes and age groups can be helpful. There is evi- 
dence indicating a higher rate of ACE2 expres- 
sion in males [5], which can serve as a 
susceptibility factor for the viral infection. 
However, the sex-based pattern for ACE2 is still 
controversial. A recent study using single-cell 
RNA expression profiling showed that ACE2 is 
expressed in higher rates in Asian male popula- 
tions [5]. On the other hand, another recent report 
(pre-print) showed no effect of gender or age on 
the ACE2 expression levels in the lung. 
Surprisingly, another other factor, cigarette 
smoking, might be more important as it can sig- 
nificantly increase the expression of ACE2 in the 
lungs [6]. The data for cigarette smoking was not 
available for our report, although a previous 


meta-analysis showed a six times higher rate of 
smoking among Iranian men compared with 
women [7]. 

A plausible explanation for the higher rate of 
ACE2 expression in males could be the action of 
testosterone [5]. Testosterone can also reduce the 
immune system responses, while estrogens exert 
enhancing actions [6, 7]. Estrogens have also 
been shown to protect against adverse outcomes 
in SARS [8]. This is consistent with the reports 
suggesting that the immune response to micro- 
bial and viral infections is more efficient in 
females. Moreover, women elicit a more efficient 
immune response to influenza vaccination com- 
pared with men. The higher testosterone levels in 
males are predictive of a lower response to vac- 
cination [9]. The male hormone-based pattern of 
COVID-19 mortality can also explain the 
extremely lower death rate in children and ado- 
lescent groups [10, 11], who have naturally lower 
levels of testosterone. While epidemiological 
findings on the gender susceptibility of 
COVID-19 mortality still need to evolve, early 
findings might point to a plausible role for sex 
hormones, particularly testosterone, as a predis- 
posing factor for adverse outcomes. Further 
investigations on the possible therapeutic impact 
of intervening androgen and androgen receptor 
pathways are encouraged (Fig. 23.1). 
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Abstract 

associated with critical and non-critical 
Background and Aims patients with coronavirus disease 2019 
Non-contrast chest computed tomography (COVID-19). 
(CT) scans can accurately evaluate the type Methods 
and extent of lung lesions. The aim of this A total of 1078 patients with COVID-19 pneu- 
study was to investigate the chest CT features monia who underwent chest CT scans, includ- 
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ing 169 critical cases and 909 non-critical 
cases, were enrolled in this retrospective 
study. The scans of all participants were 
reviewed and compared in two groups of 
study. In addition, the risk factors associated 
with disease in critical and non-critical 
patients were analyzed. 

Results 

Chest CT scans showed bilateral and multi- 
focal involvement in most (86.4%) of the 
participants, with 97.6 and 84.3% reported 
in critical and non-critical patients, respec- 
tively. The incidences of pure consolida- 
tion (p = 0.019), mixed ground-glass 
opacities (GGOs) and consolidation 
(p < 0.001), pleural effusion (p < 0.001), 
and intralesional traction bronchiectasis 
(p = 0.007) were significantly higher in 
critical compared to non-critical patients. 
However, non-critical patients showed 
higher incidence of pure GGOs than the 
critical patients (p < 0.001). Finally, the 
total opacity scores of the critical patients 
were significantly higher than those of 
non-critical patients (13.71 + 6.26 versus 
4.86 + 3.52, p < 0.001), with an area under 
the curve of 0.91 (0.88—0.94) for COVID- 
19 detection. 

Conclusions 

Our results revealed that the chest CT exam- 
ination was an effective means of detecting 
pulmonary parenchymal abnormalities in 
the natural course of COVID-19. It can dis- 
tinguish the critical patients from the non- 
critical patients (AUC = 0.91), which is 
helpful for the judgment of clinical condi- 
tion and has important clinical value for the 
diagnosis and follow-up of COVID-19 
pneumonia. 
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24.1 Introduction 

The 2019 novel coronavirus disease (COVID-19) 
has spread rapidly throughout the world from its 
initial detection in China [1]. The disease is 
caused by the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) [2]. The global 
pandemic of COVID-19 infection has emerged as 
a highly pathological and widespread virus in 
humans as a Serious disease in the field of public 
health and global concern with high morbidity 
and mortality rates [3]. There were 2,830,289 
confirmed cases, 197,263 deaths, and 801,917 
recovered cases in 210 countries on April 24, 
2020 [4]. The first COVID-19 patient was identi- 
fied in Iran on February 19, 2020. Iran was the 
first Middle East country to report a death due to 
COVID-19. On April 24, 2020, Iran has the 
eighth-highest number of COVID-19 cases in the 
world with 88,194 confirmed cases, after the 
USA, Spain, Italy, France, Germany, the UK, and 
Turkey [4]. 

Accurate diagnostic tests are essential for 
rapid diagnosis, isolation, and treatment of 
infected patients with COVID-19. According to 
the Centers for Disease Control and Prevention 
(CDC), the COVID-19-related laboratory test 
kits mainly depend on the reverse transcription 
polymerase chain reaction (RT-PCR) technique, 
for detection of the viral RNA [5]. One of the dis- 
advantages of this approach is the possibility of 
false-positive and false-negative results due to 
laboratory errors or indefinable viral material in 
the specimens [6, 7]. However, studies have dem- 
onstrated that X-ray and computed tomography 
(CT) imaging are helpful for suspected 
COVID-19 pneumonia cases with negative 
RT-PCR readings [8, 9]. 

Non-contrast chest CT has been shown to be 
an effective tool in detection, quantification, and 
follow-up of disease. According to recent studies, 
the lungs of patients with COVID-19 symptoms 
have certain visual hallmarks, such as ground- 
glass opacities (GGOs), and areas of increased 
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lung density known as consolidations [10, 11]. 
These features became more frequent and more 
likely to spread across both lungs the longer a 
person is infected [12]. Bernheim et al. examined 
121 chest CT studies from four centers in China 
that were obtained in the early, intermediate, and 
late stages of infection [13]. They also described 
GGOs as characteristic of the disease, particu- 
larly bilateral and peripheral GGOs and consoli- 
dative pulmonary opacities. They noted greater 
severity of disease with increasing time from 
onset of symptoms, and they described later signs 
of disease to include increased lung involvement, 
linear opacities, a “crazy-paving,’ pattern and 
“reverse halo” signs. In addition, this study 
showed that there was bilateral lung involvement 
in 28% of early patients, 76% of intermediate 
patients, and 88% of patients in the late stages of 
infection. 

As of April 24, the publications on this topic 
were exclusively from China, and it remains 
unknown how COVID-19 pneumonia appears on 
chest radiographic and CT images of patients in 
other countries. Therefore, we conducted this ret- 
rospective study to investigate the association 
between chest CT findings in critical and non- 
critical patients with the COVID-19 pneumonia 
in Iran. 


24.2 Material and Methods 
24.2.1 Study Design and Participants 


Patients with COVID-19 who underwent chest 
CT in Baqiyatallah Hospital, Tehran, Iran, from 
March to April 2020 were enrolled in the study. 
In all cases, the diagnosis of COVID-19 infection 
was confirmed by positive RT-PCR test of speci- 
mens collected on nasopharyngeal swabs [14]. A 
total of 1078 patients with confirmed COVID-19 
infection were eligible to be enrolled in this 
study, and demographic (sex and age) character- 
istics and chest CT data were collected and evalu- 
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ated. Based on clinical follow-up data, the 
participants were classified into either critical 
and  non-critical groups. Critical patients 
(n = 169) were those who were admitted to the 
intensive care unit (ICU) (n = 65) or died 
(n = 104). Non-critical patients (n = 909) were 
those who were admitted to the routine hospital 
ward (n = 55) or discharged (n = 854). This retro- 
spective study was approved by the Ethics 
Committee of Baqiyatallah University of Medical 
Sciences, Tehran, Iran (code:IR.BMSU. 
REC.1399.024), and patients were enrolled after 
giving written informed consent. 


24.2.2 CT Examination and Image 
Analysis 


Chest CT, especially high-resolution CT (HRCT), 
can detect small areas of GGOs [5] and is there- 
fore a promising imaging tool for monitoring the 
disease. It is common practice for radiologists to 
evaluate the pneumonia severity qualitatively or 
semiquantitatively by visual scoring (6). All CT 
scan examinations were obtained using an 
Optima 16-slice detector CT scanner (General 
Electric Company; Boston, MA, USA). The 
detailed parameters for CT acquisition for 
COVID-19 evaluation using a low-dose thoracic 
CT scan protocol were as follows: tube voltage, 
100 kVp, 120 mA; slice thickness, 2.5 mm; 
reconstruction interval, 1.25 mm; pitch, 1.75, 
speed, 35 mm/rot; detector configuration, 
16*1.25; and CT dose index, 3.5 mGy. 
Non-contrast chest CT scan images were 
obtained with the patient in the supine position at 
full inspiration. Two chest radiologists with 12 
and 10 years of experience who were blinded to 
the clinical data evaluated the CT findings and 
came to a consensus conclusion. For all patients, 
the initial chest CT images were evaluated for the 
following characteristics based on the Fleischner 
Society Nomenclature recommendations and 
similar studies [15, 16]: GGO, consolidation, 
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mixed GGO and consolidation, reversed halo, 
intralesional traction bronchiectasis, crazy- 
paving pattern, linear opacities, lymph node 
enlargement, pleural effusion, and pericardial 
effusion. To quantify the extent of lesions, a thin- 
section CT involvement score was assigned on 
the basis of all abnormal areas involved [17]. 
Each of the five lobes of the lungs was assigned a 
score according to the following: 0, 0% involve- 
ment; 1, <5% involvement; 2, 5—25% involve- 
ment; 3, 26-49% involvement; 4, 50-75% 
involvement; and 5, >75% involvement. 
Therefore, there were possible scores of 0—5 for 
each lobe, with a total possible score of 0—25 for 
the five combined lobes. 


24.2.3 Statistical Analysis 


The data obtained were analyzed using the 
Statistical Package for the Social Sciences 
(SPSS) (v 21.0; IBM SPSS Statistics; Chicago, 
IL, USA). Categorical variables were expressed 
as counts (96), and continuous variables as 
mean - standard deviation (SD). The difference 
between demographic characteristics and chest 
CT findings in the two groups of study was 
assessed by t-test for continuous variables. The 
Chi-square test and Fisher's exact test (in case of 
low sample numbers) were used to compare the 
distribution of categorical data. Receiver operat- 
ing characteristic area under the curve (ROC- 
AUC) analysis was used to determine the value 
of opacity scores for distinguishing the critical 
and non-critical types and identifying the corre- 
sponding cutoff value. In addition, to explore the 
risk factors associated with critical patients with 
COVID-19, univariate and multivariate logistic 
regression models were used. To avoid over- 
fitting in the multivariate model, only those fac- 
tors which led to p-values less than 0.2 in 
univariate analysis were selected. The final model 
was selected according to forward conditional, 
and p « 0.05 (two-sided) was considered statisti- 
cally significant. 
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24.3 Results 


24.3.1 Demographic Characteristics 
and Chest CT Findings 


A total of 1078 patients with COVID-19 who 
underwent chest CT, including 169 critical and 
909 non-critical cases, were enrolled in this 
study. Out of all participants, 737 (68.4%) were 
male, 341 (31.6) were female, and the mean age 
was 53 + 14.37 years (range, 14—92 years). The 
demographic characteristics and chest CT find- 
ings of the patients in two groups of study are 
shown in Table 24.1. The mean age in the critical 
group was significantly higher than the non- 
critical group (61.24 + 13.48 vs. 51.47 + 14.02, 
p « 0.001), but there was no statistical difference 
between the two groups in terms of gender 
(p = 0.179). Chest CT scans showed bilateral and 
multifocal involvement in most individuals 
(86.4%) of the participants, with 97.6% and 
84.3% reported in critical and non-critical 
patients, respectively (Fig. 24.1). The common 
chest CT features in all participants were mixed 
GGOs and consolidations (n = 489, 45.4%), pure 
GGOs (n 2 414, 38.4%), linear opacities (n = 174, 
16.1%), mixed GGOs with crazy-paving pattern 
(n = 133, 12.3%), and pure consolidations 
(n = 42, 3.9%) (Figs. 24.2 and 24.3). The inci- 
dences of pure consolidations (p = 0.019), mixed 
GGOs and consolidations (p < 0.001), pleural 
effusions (p < 0.001), and intralesional traction 
bronchiectasis (p = 0.007) in critical patients 
were significantly higher than those of the non- 
critical patients. However, non-critical patients 
showed higher incidence of pure GGOs com- 
pared to the critical patients (p < 0.001). Among 
all participants, 181 (16.8%) had lung diffuse 
opacities of greater than 75% involvement in 
each lobe, and the presence of diffuse opacities 
was significantly higher in critical patients than 
in the non-critical ones (69.8% vs. 6.9%, 
p « 0.001) (Fig. 24.4). The number of lung lobes 
involved for the critical group was significantly 
higher than that for the non-critical group 
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Table 24.1 Demographic characteristics and chest CT findings in critical and non-critical patients with COVID-19 


Total patients Critical patients Non-critical patients 
Variables (n = 1078) (n = 169) (n = 909) p-value 








Age 

Mean + SD 53 + 14.37 61.24 + 13.48 51.47 + 14.02 <0.001° 
(range) (14-92) (25-92) (14-91) 

Gender (%) 

Male 0.179 
Female 
Lesion distribution (^c) 

Bilateral + multifocal «0001 
Others 
Lesion type (4c) 

oo: <0.001 
GGO + crazy paving 114 (12.5) 0.637 
Consolidation 30 (3.3) 0.0198 
GGO + consolidation «0001 
Other findings (4c) 

None 
Linear opacity 150 (16.5) 0.455 
Reversed halo sign 43 (4.7) 0.499 
Pleural effusion <0.001 
bronchiectasis 

Lymphadenopathy 34 (3.7) 0.189 
Underlying diseases (4c) 

None 
Pulmonary 709 — 09 su 0.919 
Cardiac 20 (2.2) 0.057 
Kidney 10.1 0289 
Presence of diffuse opacity (4c) 

Yes ai (en «0001 
No 897 (83.2) 
Number of involved lobe with diffuse opacities (% ) 

i s09 ue [5095 p 

2 «0001 
5046 ` ou Ban aam 
à «0001: 
<0.001 
Total opacity score 

Mean + SD 4.86 + 3.52 «0.001* 


*GGOs ground-glass opacities 
êp < 0.05 was statistically significant 


(p < 0.001). In addition, the total opacity scores observed reversed halo signs in a small number 
of the critical patients were significantly higher of patients (Fig. 24.5) in both groups and unilat- 
than those of the non-critical patients eral lung involvement in 13.6% of patients 
(13.71 + 6.26 vs. 4.86 + 3.52, p< 0.001). We also (Fig. 24.6). 
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24.3.2 Factors Associated 
with Critical Patients 
with COVID-19 


Table 24.2 showed the results of univariate and 
multivariate logistic regression analyses in rela- 
tion to critical patients with COVID-19 disease. 
In terms of demographic characteristics, older 





Fig. 24.1 Axial chest CT scan without contrast in a 
46-year-old female with COVID-19 pneumonia shows 
bilateral multifocal patchy ground-glass opacities (GGOs) 


A 


Fig. 24.2 Two axial chest CT scans without contrast in a 
55-year-old female with COVID-19 pneumonia show (a) 
a bilateral multifocal and subpleural patchy crazy-paving 
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age was a risk factor for critical COVID-19 
pneumonia according to both univariate (OR 
1.052, 95% CI 1.038-1.056, p < 0.001) and mul- 
tivariate (OR 1.031, 95% CI 1.015-1.047, 
p « 0.001) models. Imaging features associated 
with critical patients were pure consolidations 
(OR 0.379, 95% CI 0.182-0.792, p = 0.01); 
mixed GGOs with crazy-paving pattern (OR 
0.193, 95% CI 0.094—0.394, p « 0.001); linear 
opacities (OR 3.65, 95% CI 1.43-9.29, 
p = 0.007); intralesional traction bronchiectasis 
(OR 3.55, 95% CT 1.78—15.87, p < 0.001); pres- 
ence of diffuse opacities (score 5; OR 5.83, 95% 
CI 2.86-11.85, p « 0.001); and high opacity 
scores (OR 1.15, 95% CI 1.08—1.22, p < 0.001). 


24.3.3 Diagnostic Accuracy Test 


The ROC-AUC of opacity scores in CT scans 
was 0.91 (9596 CI 0.881—0.937, p « 0.001) for 
distinguishing critical from non-critical 
COVID-19. When the cutoff value of the opacity 
scores was Set at 7.5, the sensitivity and specific- 
ity were 0.87 and 0.93, respectively (Fig. 24.7). 





pattern and (b) intralesional bronchiectasis (black arrow) 
with crazy-paving pattern (b) 
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Fig. 24.3 Two axial chest CT scans without contrast in (a) a 64-year-old female and (b) a 46-year-old male with 
COVID-19 pneumonia subpleural linear opacities and ground-glass opacities (GGOs) 





Fig. 24.4 Two axial chest CT scans without contrast in a 
25-year-old male with COVID-19 pneumonia show dif- 
fuse consolidative opacity in (a) right upper lobe and (b) 


24.4 Discussion 


COVID-19 can develop to severe ilInesses includ- 
ing pneumonia, pulmonary edema, acute respira- 
tory distress syndrome, multiple organ failure, or 
even death [18]. Compared with the non-critical 
patients, critical patients have poor prognosis and 
higher mortality [13, 19]. Successful treatment of 
critical cases is the key to reducing the complica- 
tions and high mortality rates. This includes basic 
disease treatment, secondary infection preven- 
tion, and timely organ function support. 
Therefore, it is important to detect the critical 


right lower lobe with multifocal patchy subpleural con- 
solidative opacities 


cases and related factors of disease in these 
patients with high accuracy. Studying the charac- 
teristics of chest CT scans allows a visual assess- 
ment of the type and extent of lung lesions in 
patients with COVID-19 disease to deepen our 
understanding of the physiological pathways 
affected in critical conditions and to promote 
clinical diagnosis and appropriate tailored treat- 
ments [20]. In this large study, the chest CT fea- 
tures of 1078 patients. In general, this showed 
that chest CT examination was effective in detect- 
ing pulmonary parenchymal abnormalities in the 
natural course of COVID-19 disease. 
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Bilateral and multifocal involvements of 
lesions were observed in the majority of individ- 
uals in both groups of COVID-19 pneumonia. 
The most common types of lesions were mixed 
GGOs with consolidations, pure GGOs, crazy 
paving, linear opacities, pure consolidations, and 


Study Date: 2020/03/1 
Image Time: 19:59: 





Fig. 24.5 Axial chest CT scan without contrast in a 
48-year-old male with COVID-19 pneumonia shows typi- 
cal reversed halo sign at left lower lobe 





A DOC 


Fig. 24.6 (a) Coronal and (b) axial chest CT scan with- 
out contrast in a 23-year-old female with COVID-19 
pneumonia shows unilateral and unifocal ground-glass 
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mixed GGOs with crazy-paving pattern for both 
groups of study. Compared with non-critical 
patients, pure consolidations and mixed GGOs 
with consolidations were significantly more fre- 
quent in critical patients. This indicates that the 
alveoli are completely filled by inflammatory 
exudation and usually means that the virus has 
diffused into the respiratory epithelium, leading 
to necrotizing bronchitis and diffuse alveolar 
damage [21, 22]. Critical patients showed more 
pleural effusion and intralesional traction bron- 
chiectasis compared to the non-critical patients. 
The extrapulmonary lesions, such as pleural or 
pericardial effusion, may indicate the occurrence 
of severe inflammation. Although linear opacities 
and reversed halo signs were more frequent in 
non-critical patients, no statistical incidence dif- 
ference was observed between the two groups 
based on these criteria. Similar to other chest CT 
studies, we observed reversed halo signs in both 
groups [23, 24], and unilateral lung involvement 
was in found in a small number of patients. In a 
study by Zhou et al. haloes were observed only in 
the early stage of COVID-19 and were assumed 
to have progressed to GGOs within 1 week [25]. 





opacities (GGOs) with intralesional bronchiectasis (red 
arrow) and vascular enlargement (yellow arrow) 
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Table 24.2 Univariate and multivariate analysis of characteristics and chest CT scan findings associated with critical 
and non-critical patients with COVID-19 








OR (95% CH OR (95% CI) 
1.052 (1.038-1.056) — |«0.001* — |1.031 (1.015—1.047) 







Variable 







«0.001* 


Gender 
Male | [ 
Female 1.28 (0.89-1.85) 0.180 E 


Lesion distribution 
Bilateral + multifocal 


Others ; 70 (2.81—21.1) «0.001? i 58 (0.527—4.75) 
Lesion type 
Pure GGO * 





o 094 (0.052—0.170) «0.001* o 193 (0.094—0.394) «0.001* 


GGO + crazy-paving pattern 


Pure consolidation 0.379 (0.182-0.792) — 0.0108 
GGO + consolidation 2.15 (0.682-6.775) 0.191 
Other findings (4c) 

None SSES 
Linear opacity 3.651 (1.43-9.29) 0.007 
Reversed halo sign 3.024 (1.06-8.55) 0.080 
Pleural effusion 2.812 (0.73-10.82) 0.133 


0.505 (0.259-1.841) «0.001* 3.552 (1.78-15.87) «0.001* 


Intralesional traction bronchiectasis 


Lymphadenopathy 4.541 (1.39-14.83) 0.153 
Underlying diseases 

None LI 
Pulmonary 0180 0.011-28 um O 
Cardiac 0.167 (0.005-5.45) — 0344 OOO 
Kidney 040.022720) un O 
Presence of diffuse opacity 

Yes 1 | —H ——— 

No «0.001: 
Number of involved lobe with diffuse opacities (4c) 

None 1 [-. 6 ———— 

l 0.1 (0.01—1.234) 0.073 
2 1.22 (0.38-3.52) 0.424 
3 1.09 (0.37-3.24) 0.868 
4 1.41 (0.47-4.22) 0.536 
S 1.34 (0.43-4.18) 0.606 


Total opacity score 


*GGOs ground-glass opacities 
4p < 0.05 statistically significant 


Potentially the most significant finding of this 
study was that the total opacity scores of the criti- 
cal group were significantly higher than those of 
the non-critical group, and ROC-AUC analysis of 
CT opacity scores was 0.91 with a sensitivity and 
specificity of 0.87 and 0.93, respectively, for dis- 
tinguishing between the critical and non-critical 
patients with COVID-19 infections. Similarly to 
our results, previous studies reported that chest 


1.31 (1.26-1.36) «0.001* 1.15 (1.08-1.22) «0.001* 


CT images gave similar ROC-AUC, sensitivity, 
and specificity. values for detecting the lung 
lesions in COVID-19 [26-28]. 

The main strength of the present investigation 
was the large sample size. However, our study 
had several limitations. First, because COVID-19 
is a novel disease and lacks serial and long-term 
CT data, we can only analyze the existing infor- 
mation in a retrospective manner. Moreover, the 
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Fig. 24.7 ROC curve 

for opacity score 1.0 
AUC = 0.91 

(sensitivity = 87%, 

specificity = 93%), 


toff value = 7.5 
cutoff value 0.8 


o 
Oo 


Sensitivity 


© 
pP 


0.2 


0.0 
0.0 
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time of chest CT examination after symptom 
onset was inconsistent, so it was difficult to sum- 
marize the CT appearances that could reflect the 
whole course of the disease. 

In conclusion, our study showed that chest CT 
examination was very effective in detecting pul- 
monary parenchymal abnormalities in the natural 
course of COVID-19. Mixed GGOs with consoli- 
dations and pure GGOs in the peripheral lung 
were the primary CT characteristics of 
COVID-19. Total opacity scores and the presence 
of diffuse opacities can accurately distinguish the 
critical patients from the non-critical patients, 
which is helpful for the judgment of clinical con- 
ditions and has important clinical value for the 
diagnosis and follow-up of COVID-19 
pneumonia. 
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Abstract 


There is data from individual clinical trials 
suggesting that procalcitonin (PCT) may be a 
prognostic factor in the severity of COVID-19 
disease. Therefore, this systematic review and 
meta-analysis was performed to investigate 
PCT levels in severe COVID-19 patients. We 
searched Embase, ProQuest, MEDLINE/ 
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PubMed, Scopus, and ISI/Web of Science for 
studies that reported the level of PCT of 
patient with severe COVID-19. We included 
all studies regardless of design that reported 
the level of PCT in patients with severe 
COVID-19. We excluded articles not regard- 
ing COVID-19 or not reporting PCT level, 
studies not in severe patients, review articles, 
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editorials or letters, expert opinions, com- 
ments, and animal studies. Nine studies were 
included in the analysis. The odds of having 
more severe COVID-19 disease was higher in 
subjects with elevated PCT (20.05 ng/mL) 
compared with those having low procalcitonin 
(«0.006 ng/mL) [n = 6, OR(95% 
CI) = 2.91(1.14, 7.42), p = 0.025). After esti- 
mating the mean and standard deviation val- 
ues from the sample size, median, and 
interquartile range, a pooled effect analysis 
indicated higher serum PCT concentrations in 
patients with severe versus less severe disease 
[n = 6, SMD(95% CI) = 0.64(0.02, 1.26), 
p = 0.042]. The results of this study showed 
that PCT is increased in patients with severe 
COVID-19 infection. 


Keywords 


Coronavirus - Procalcitonin - Meta-analysis - 
SARS-CoV-2 - COVID-19 - Viral infection 


25.1 Introduction 

Patients with unexplained pneumonia were ini- 
tially reported in Wuhan, China, in December 
2019. A novel coronavirus named severe acute 
respiratory syndrome coronavirus 2 (SARS- 
CoV-2) was detected in samples of the lower 
respiratory tract of the infected patients, and the 
disease was termed COVID-19 (coronavirus- 
2019) [1]. This disease is rapidly spreading 
across the world [2] and has turned into a pan- 
demic [3]. Globally, approximately 5,311,624 
confirmed cases of COVID-19 have been 
reported, including an estimated 342,105 deaths 
in approximately 209 countries (as of May 23, 
2020) [4]. It is presently the greatest health chal- 
lenge worldwide [5], and the World Health 
Organization (WHO) has declared the outbreak a 
global public health emergency [6]. 

Currently the gold standard for the diagnosis 
of COVID-19 is reverse transcription polymerase 
chain reaction (RI-PCR) testing, but, in many 
countries, testing has been limited due to time 
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and resource issues, and in the early stage of the 
disease, the positive rate of the test was relatively 
low [7]. Therefore, there is an urgent need to 
identify reliable biomarkers that may help predict 
the risk for illness severity so that appropriate 
care can be allocated earlier [8]. 

One of the most studied biomarkers in this 
field is procalcitonin (PCT), which has both diag- 
nostic and prognostic utility [9]. PCT has become 
a promising biomarker for early detection of bac- 
terial infections in modern clinical practice [10]. 
However, the expression of this biomarker may 
differ in severe COVID-19 infection with some 
studies reporting that PCT is increased in patients 
with severe COVID-19 [11, 12] and others report- 
ing that PCT in these patients is normal [13, 14]. 
These differences could reflect the fact that the 
clinical characteristics differ in those patients 
with mild versus severe COVID-19 infections [9]. 

We have aimed to resolve this issue by carry- 
ing out a systematic review of PCT levels in 
COVID-19 cases. 


25.2 Methods 


This study was performed according to the 
Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) state- 
ment [15]. We aimed to compare the levels of 
PCT in patients with severe versus non-severe 
COVID-19 infections, to determine if it can be 
used as a biomarker to predict disease course. A 
threshold level of 0.05 ng/mL PCT was taken to 
discriminate between severe and non-severe 
infection for each study. 


25.2.1 Search Strategy 


We searched, Embase, ProQuest, MEDLINE/ 
PubMed, Scopus, and ISI/Web of Science for 
studies that reported the level of PCT in patients 
with COVID-19 infections. A date limit was set 
from December 2019, and the search was per- 
formed up to April 5, 2020. The reference list of 
articles was reviewed using forward and back- 
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ward citation tracking to identify other eligible 
documents. No language limits were applied. 


25.2.2 Selection Criteria 


We included all studies regardless of study 
design, targeting prospective or retrospective 
studies that met the following criteria: 


1. Reported the level of PCT in COVID-19 
patients displaying serious symptoms 

2. Reported the level of PCT in COVID-19 
patients displaying non-serious symptoms 

We excluded: 

1. Articles not regarding COVID-19 or not 
reporting PCT level 

2. Studies not including both severe and non- 
severe COVID-19 patients 

3. Review articles, editorials or letters, expert 
opinions, comments, and animal studies 

At least two reviewers independently evalu- 
ated titles and abstracts and selected relevant 
studies for inclusion. If this could not be done 
reliably using the title and abstract of an article, 
the full text version was retrieved for detailed 
analysis. Any disagreement was resolved by a 
third independent reviewer. The reasons for 
exclusion of studies were recorded. 

At first we searched databases that included 
Scopus (7), Embase (9), ProQuest (14), PubMed 
(2), and Web of Science (2) and identified 31 total 
studies. In the next step we removed the duplicate 
articles and retained 19 records to include Scopus 
(7), Embase (2), ProQuest (10), PubMed (1), and 
Web of Science (2). Subsequently, the records 
were screened by title and abstract and six further 
studies were excluded. The remaining 16 records 
were screened further using the full text, and this 
left nine articles that met all requirements for 
inclusion in the study. 


25.2.3 Data Extraction 


Data were extracted independently by at least 
two reviewers and included authors, year of pub- 
lication, clinical setting, sample size, sample 
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type, and levels of PCT. Disagreements on the 
extracted data were resolved by consensus. 


25.2.4 Quality Assessment 


The methodological quality assessment of stud- 
ies was performed independently by two authors 
using Quality Assessment of Diagnostic Accuracy 
Studies (QUADAS-2) criteria, as recommended 
by the Cochrane Collaboration [16]. 
Disagreements about inclusion criteria, data 
extraction, and quality assessment were resolved 
by consensus. 


25.2.5 Data Synthesis and Statistical 
Analysis 


We applied random-effects meta-analyses with 
inverse variance weighting to calculate pooled 
estimates and 9596 confidence intervals (CIs). We 
estimated the sample mean and standard devia- 
tion (SD) from the sample size, median, and 
interquartile range via the Wan et al. approach 
[17] to compute a meta-analysis of outcomes and 
demonstrate effectiveness. In addition, we used 
odds ratios (ORs) and 95% CIs to compare the 
rates of disease severity. Heterogeneity (P? statis- 
tics) was assessed and reported using Cochran's 
Q-test [18]. We also plotted Galbraith graphs to 
display heterogeneity. Egger's test and a visual 
inspection of funnel plots were carried out to 
evaluate publication bias between studies [19]. In 
general, a PCT concentration > 0.05 ng/mL was 
considered as being high in our analysis. Values 
below 0.05 ng/mL were considered normal or 
low. Two groups of patients with either low or 
high disease were also examined. STATA version 
14.0 (Stata Corp, College Station, TX) and R ver- 
sion 3.6.3 were used to conduct the analyses. 


25.3 Results 


A summary of study selection process and char- 
acteristics of the included studies are summa- 
rized in Fig. 25.1 and Table 25.1, respectively. 
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Fig. 25.1 PRISMA flow diagram summarizing the study selection process 


25.3.1 Results of PCT Analyses Using 
Odds Ratios 


Results were obtained for PCT with an odds ratio 
in 6 out of the 9 studies which met the selection 
criteria. A randomized effect analysis showed 
significant risk according using a forest plot to 
visualize the results (Fig. 25.2). The odds of hav- 
ing more severe COVID-19 disease was higher in 
subjects with elevated PCT compared to those 





with low PCT levels (n = 6, OR(95% CIs) = 2.91 
(1.14, 7.42), p = 0.025) (Fig. 25.3). 

The Q-test showed a significant variations in 
odds ratios attributable to heterogeneity of the 
procalcitonin data (I? = 73.5%, p = 0.002), which 
can also be seen in the Galbraith plot (Fig. 25.3). 
There was no publication bias in the PCT studies 
according to results of Egger’s test analyses and 
by using a funnel plot visualization (p = 0.434) 
(Fig. 25.4). 
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25.3.2 Results of PCT Analyses Using 
Standardized Mean Difference 


All PCT results included in the six studies were 
analyzed using the standardized mean difference 
(SMD). For most studies (except the study by 
Qiu et al. [20]), the median and interquartile 
range of PCT were reported instead of the mean 
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and standard deviation. After estimating the val- 
ues of the mean and standard deviation from the 
sample size, median, and interquartile range, a 
pooling effect analysis indicated a significantly 
higher PCT level (n = 6, SMD(95% 
CI) = 0.64(0.02, 1.26), p = 0.042) in subjects with 
severe versus less severe COVID-19 disease 
(Fig. 25.5). 
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Fig. 25.5 Forest plot results for standardized mean difference of procalcitonin laboratory data 


Next, we applied a random effects analysis Additionally, according to Egger’s test and visu- 
since there was heterogeneity between the stud- alization with a funnel plot, there was no publica- 
ies for PCT based on the Q-test and radial plot tion bias in the results of the meta-analysis 
results (C = 91.2%, p < 0.001) (Fig. 25.6). (p=0.711) (Fig. 25.7). 
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25.4 Discussion 


This study demonstrated that high levels of PCT 
are associated with disease severity in patients 
infected with COVID-19. PCT is known to be 
elevated in bacterial infections and is currently 
used for diagnosis and decision-making regard- 
ing antibiotic treatment duration in respiratory 
infections [25]. Its synthesis is upregulated in 
bacterial infections and downregulated in viral 
infections [26]. PCT is produced by the thyroid C 
cells in healthy people. In the presence of bacte- 
rial infections, PCT production is activated in all 
parenchymal tissues and its level increases rap- 
idly. PCT production by these tissues is stimu- 
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lated both directly by bacterial endotoxins and 
lipopolysaccharides and indirectly by inflamma- 
tory mediators that include tumor necrosis factor- 
alpha (TNF-a), interleukin (IL)-1, and IL-6. 
However, mediators of viral infection such as 
interferon-gamma (IFN-y) decrease the PCT 
level, which makes it a more specific marker for 
bacterial infections [26]. Nevertheless, the find- 
ing of this study showed that PCT is increased in 
patients with severe COVID-19. This suggests 
that in some severe COVID-19 cases, there is a 
bacterial co-infection that increases their PCT 
levels. This hypothesis is supported by the work 
of Zhou et al. in which it was reported that the 
most of severe COVID-19 patients have viral 
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infection and secondary bacterial infection [16]. 
Bacterial co-infection is a poor prognostic fea- 
ture in these patients [27] and may contribute to 
the death of these patients [28]. Thus, a PCT level 
determination, in addition to helping with 
identification of severe patients, may guide phy- 
sicians in determinations of bacterial co-infec- 
tion. This would allow them to initiate early 
antibiotic therapy that may prevent further dete- 
rioration of health. 

The results of this study are contrary to the 
results of the study by Lippi and Plebani, which 
reported that the PCT value would remain within 
the reference range in severe coronavirus-infected 
patients [29]. However, the meta-analysis in the 
present study was of wider scope, including mul- 
tiple studies that would have accounted for more 
patient variables. Nevertheless, further studies 
are required to address this issue. 


25.5 Conclusion 


The results of this study showed that PCT in 
patients with severe COVID-19 disease is 
increased, which suggests that it may play an 
important role in predicting severity and outcome 
of infection. Therefore, a PCT level determina- 
tion may guide physicians in cases of suspected 
bacterial co-infection to initiate early antibiotic 
therapies that may prevent further deterioration 
of health and death. 
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Abstract 


The outbreak of the novel coronavirus 2019 
(COVID-19) disease has been severe and a 
cause for major concern around the world. 
Due to immunological and physiological 
changes during pregnancy, pregnant women 
have a higher risk of COVID-19 morbidity 
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and mortality. The aim of this study was to 
collect and integrate the results of previous 
studies to get an accurate representation and 
interpretation of the clinical symptoms, labo- 
ratory and radiological findings, and charac- 
teristics of pregnant women with COVID-19. 
We conducted a scientific search in main data- 
bases with a combination of related MESH 
terms and keywords. The outcomes included 
common clinical symptoms at the time of 
onset of the disease, common laboratory and 
radiological findings, the rates of vaginal 
delivery and Cesarean section, Cesarean sec- 
tion indications, maternal complications, and 
vertical transmission rates. A total of 51 stud- 
les comprising 571 pregnant women with 
COVID-19 pneumonia were included in the 
study. The most common symptoms were 
fever, cough, and dyspnea, respectively. 
Elevated C-reactive protein and ground-glass 
opacities were the most common laboratory 
and radiological findings of COVID-19 pneu- 
monia, respectively. A total of 114 Cesarean 
sections were performed due to COVID-19- 
related concerns. There were 55 cases of intu- 
bation (11.6%) and 13 maternal deaths (2.3%). 
The vertical transmission rate was 7.9%. We 
conclude that the characteristics of pneumonia 
caused by COVID-19 in pregnant women do 
not appear to be different from those in the 
general population with COVID-19 infec- 
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tions. However, pregnant women with under- 
lying diseases were more likely to develop 
COVID-19 than others, and, in those infected 
with the virus, the rate of Cesarean delivery 
and preterm birth increased. 


Keywords 


Covid-19 - Pregnancy - Outcomes - 
Coronavirus 


26.1 Introduction 

The novel coronavirus 2019 (COVID-19) out- 
break is a major concern around the world, and 
the number of pregnant women with the virus is 
on the rise. Compared to non-pregnant women, 
the previous coronavirus outbreaks of severe 
acute respiratory syndrome (SARS) and Middle 
East severe respiratory syndrome (MERS) caused 
higher mortality and morbidity in pregnant 
women [1, 2]. Due to immunological and physi- 
ological changes during pregnancy, pregnant 
women are at more risk of COVID-19 morbidity 
and mortality [3]. However, it is still not known at 
this time if such risks are increased in pregnant 
women with Covid-19 infections compared to 
non-pregnant adults. 

Because monitoring systems have been devel- 
oped for COVID-19 cases, it is important to 
gather and report on pregnancy status as well as 
the consequences for mothers and fetus, in order 
to provide initial evidence that can be used to 
guide the treatment of pregnant women with 
COVID-19 disease. Chen et al. performed a ret- 
rospective study on nine pregnant women with 
laboratory-confirmed COVID-19 pneumonia, 
who w ere hospitalized in the Zhongnan Hospital 
of Wuhan University, Wuhan, China, from Jan 20 
to Jan 31, 2020 [4]. In this study, clinical symp- 
toms, laboratory results, and chest computed 
tomography (CT) scans were retrospectively 
assessed. The clinical symptoms in seven of the 
patients included fever, whereas cough was 
observed in four patients, myalgia in three 
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patients, malaise in two patients, and sore throat 
in two patients. In addition, laboratory results 
showed that five patients had lymphopenia, a 
decrease in blood lymphocytes. None of the 
patients developed severe COVID-19 pneumonia 
or died. Findings from this small group of cases 
showed that the clinical characteristics of 
COVID-19 pneumonia in pregnant women were 
similar to non-pregnant patients who developed 
COVID-19 pneumonia. 

In another study of 15 pregnant women in 
China, Liu et al. found that the most common 
abnormalities in the laboratory data included 
lymphopenia and an elevated C-reactive protein 
(CRP), a biomarker of inflammation [5]. The 
radiographs of the pregnant mothers with 
COVID-19 showed that five had multiple bilat- 
eral ground-glass opacities in their lungs and 
three had patchy consolidations. However, no 
problems were observed in one pregnant woman 
and her lungs were clear with no infusions. 

In another study, Yu et al. showed that out of 
seven pregnant women with COVID-19 infec- 
tions, six had fever, one had cough, one had 
shortness of breath, and one had diarrhea [6]. 
Different degrees of liver dysfunction, such as an 
increase in alanine aminotransferase (AAT) or 
aspartate aminotransferase (AST), were reported 
in two of the patients. All seven of the patients 
had Cesarean sections and the outcomes of the 
women and neonates were good. Three of the 
neonates were tested for SARS-CoV-2 (the virus 
that causes COVID-19) and one was infected 
with SARS-CoV-2 36 h after birth. Examination 
of the CT scans showed that six of the women 
had large areas of multiple ground-glass opaci- 
ties and the rest had less involvement. Biomarker 
analyses showed increased procalcitonin and 
erythrocyte sedimentation rate (ESR) in four 
patients, and all patients had a higher than normal 
concentration of CRP [6]. 

The results of the above studies showed that 
the most common laboratory findings in patients 
with COVID-19 were a decrease in blood lym- 
phocytes and an increase in CRP. Despite these 
findings, the number of patients in these studies 
was too small to draw firm conclusions. The aim 
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of this study was to collect and integrate the 
results of previous studies to get more accurate 
interpretation of the clinical symptoms, charac- 
teristics, and outcomes of pregnant women with 
COVID-19 infections and to inform the most 
appropriate treatment course. 


26.2 Methods 


The scientific databases of PubMed/MEDLINE, 
Scopus, ScienceDirect, and CENTRAL 
(Cochrane Central Register of Controlled Trials) 
were searched with the following strategy until 
May 21, 2020 (pregnan* OR birth OR 
Childbearing OR Prenatal) AND (coronavirus 
OR “coronavirus disease-19" OR “COVID-19” 
OR “2019-nCoV disease” OR “2019 novel coro- 
navirus infection" OR “2019-nCoV infection" 
OR “COVID-19 pandemic” OR “2019 novel 
coronavirus disease"). Apart from reviews, all 
studies using any methodology that contained 
sufficient data about the symptoms and clinical 
and/or laboratory findings involving pregnant 
women with COVID-19 infections (laboratory 
confirmed and/or clinically diagnosed) were 
included in the study. Articles in languages other 
than English were excluded. The outcomes 
included common clinical symptoms at the time 
of onset of the disease, common laboratory find- 
ings, findings related to chest x-ray or CT scan, 
the rate of vaginal delivery and Cesarean section, 
Cesarean section indications, maternal complica- 
tions, and vertical transmission rates. 

The output of each database was examined 
and duplicate articles were identified and deleted. 
The remaining articles were screened based on 
titles and abstracts and irrelevant articles were 
removed. In the next step, the articles were 
screened based on a full-text evaluation, and 
finally a number of articles were selected for sys- 
tematic review. All steps related to data extrac- 
tion were performed separately by the two 
researchers, and any disagreement was resolved 
with discussion. 

To extract the data based on the objectives of 
the study, a form was developed which included 
information on the following: first author's name, 
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country, sample size, maternal comorbidities, 
common clinical symptoms, common laboratory 
and radiological findings, outcomes such as the 
need for intubation, maternal death, complica- 
tions, and data about childbirth. The data were 
extracted independently by two authors, and if 
there was any disagreement or ambiguity in each 
case, this was resolved through discussion. 

This study involved maximization of research 
ethics, and stringent attempts were made to avoid 
any plagiarism or data manipulation. 


26.3 Results 


A search of scientific databases led to the discov- 
ery of 1167 original articles. Duplicate articles 
were identified using the EndNote software 
(n = 551), manual screening (n = 67), and by 
examining titles and abstracts (n = 481), and 
these were excluded. Of the remaining 68 arti- 
cles, the full texts were carefully reviewed and a 
further 17 articles excluded. This left 51 articles 
which met the criteria for inclusion in this sys- 
tematic review (Fig. 26.1). A summary of the 
characteristics of these studies is shown in 
Table 26.1. These comprised a total of 571 preg- 
nant women in the 51 case reports and case stud- 
ies. There were 16 studies carried out in China 
[7-22], 14 in the USA [23-36], six in Italy [37— 
42], five in Iran [43-47], three in the UK [48-50], 
two in Portugal [51, 52], one in Thailand [53], 
one in Turkey [54], one in Peru [55], one in 
Sweden [56], and one in Australia [57]. Table 26.2 
shows the outcomes of these studies in quantita- 
tive form. Women ranged in age from 17 to 
49 years, and most were in the third trimester of 
pregnancy at the time the studies were carried 
out. The most common comorbidities were obe- 
sity, gestational diabetes mellitus, chronic hyper- 
tension, pulmonary conditions, asthma, diabetes 
mellitus, and preeclampsia/eclampsia, 
respectively. 

Common symptoms at the onset of disease in 
the order of prevalence were as follows: fever 
(65.8%), cough (61.6%), dyspnea (6.4%), fatigue 
(6.1%), and myalgia (3.8%). Less common 
symptoms included shortness of breath, anosmia, 
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Fig. 26.1 PRISMA flowchart of the review process 


malaise, diarrhea, headache, sore throat, emesis, 
nasal congestion, chills, vomiting, anorexia, rhi- 
nitis, and chest discomfort. Common laboratory 
findings were elevated CRP levels (33.9%), lym- 
phopenia (31.8%), increased serum levels of 
D-dimer (a sign of significant formation and 
breakdown of clot; 27.3%), leukocytosis (9.9%), 
and leukopenia (6.6%). A common radiological 
finding was patchy shadowing or ground-glass 
opacities (49.7%). 

A total of 321 Cesarean sections, 91 vaginal 
deliveries, and 20 fetal abortions occurred. In 114 
of the Cesarean section cases (35.5%), these were 
performed due to concerns related to the effects 
of COVID-19 infections on the mother or fetus. 
Of the 412 deliveries, 112 were preterm (27.2%). 

A number of pregnant women infected with 
COVID-19 developed complications during 





Records excluded (n =481) 
Unrelated topic=287 
Unrelated to study aims=150 
Review articles=37 
Other languages=7 


Full-text articles excluded (n=17) 
Full-text not available=1 
No adequate data=10 
Only proposal= 6 


Studies included in qualitative 


treatment. More common complications were 
acute respiratory distress, septic shock, cardiac 
dysfunction, multiple organ dysfunction, cardiac 
arrest, myocardial injury and myocarditis, endo- 
carditis, need for dialysis, pericardial effusion, 
and pulmonary embolism. There were 55 cases 
of intubation (11.6%) and 13 maternal deaths 
(2.3%). The vertical transmission rate was 7.9%. 


26.4 Discussion 


Due to the immunosuppressive status and physi- 
ological changes specific to pregnancy, pregnant 
women are vulnerable to the effects of respira- 
tory pathogens. The results of present study 
showed that approximately 15 percent of the 
pregnant women with COVID-19 were asymp- 
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Table 26.2 Quantitative form of outcomes of the review study 


n 

Age range (years) 

Gestational age | Ist trimester (n) 
2nd trimester (n) 
3rd trimester (n) 
Not mentioned (n) 

Comorbidities (n) 


Asymptomatic (n) 

Symptomatic (n) 

Not mentioned (n) 

Common symptoms at the onset of disease (n) 


Common laboratory findings (n) 


Common radiological findings (n) 


Childbirth data | Pregnancy ongoing 


(n) Abortion 
Vaginal delivery 
Cesarean 
Cesarean Concerns about COVID-19 
indications Obstetrical indications 
Elective 


Not mentioned 


571 

17-49 

80 

48 

379 

64 

Obesity (42), gestational diabetes mellitus (26), chronic 
hypertension (24), pulmonary conditions (16), asthma (15), 
diabetes mellitus (9), preeclampsia/eclampsia (7), hypothyroidism 
(7), anemia (5), hepatitis B (4), gestational hypertension (3), 
coagulopathy (3), polycystic ovary syndrome (2), underweight 
(1), nephropathy (1), schistosomiasis (1), hypoproteinemia (1), 
pelvic fracture (1), cholecystitis (1), ulcerative colitis (1), severe 
scoliosis (1), Behcet syndrome (1), severe myopia (1), renal 
tubular acidosis (1), vitamin D deficiency (1), migraine headaches 
(1), autoimmune thyroiditis (1), mitral regurgitation (1), 
hyperlipidemia (1), thalassemia (1), papillary cell carcinoma (1), 
myotonic dystrophy (without cardiomyopathy) (1) 

76 

453 

42 

Not mentioned (64) 

Fever (256), cough (240), dyspnea (25), fatigue (24), myalgia 
(15), anosmia (7), shortness of breath (8), malaise (5), diarrhea 
(3), headache (3), vomiting (1), emesis (2), sore throat (3), nasal 
congestion (2), upper respiratory symptoms (no details) (2), chills 
(2), anorexia (1), rhinitis (1), chest discomfort (1) 

Not mentioned (150) 

Elevated C-reactive protein (143), lymphopenia (134), increased 
serum levels of D-dimer (115), leukocytosis (42), leukopenia 
(28), increase of blood urea nitrogen, creatinine (12), impaired 
liver function (11), thrombocytopenia (6), raised lactic 
dehydrogenase (4), elevated total creatine phosphokinase (1), 
elevated ESR (1), elevated uric acid (1), elevated fibrinogen (1), 
pancytopenia (1) 

Not mentioned (207) 

Patchy shadowing or ground-glass opacity (181), bilateral 
infiltrates (95), unilateral or bilateral pulmonary lesions (30), 
consolidation (21), multifocal pneumonia (5), not done (4), 
irregular pleural line on lung ultrasound (4), atelectasis without 
consolidation (2), pleural effusion (2), pulmonary edema (1), 
bilateral, basal hyperlucency (1), typical signs of covid-19 
pneumonia (no details) (1), interlobular septal thickening (1), 
pulmonary embolism (1) 

139 

20 

9] 

321 

114/321 

120/321 

4/321 

83/321 


(continued) 
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Table 26.2 (continued) 


Obstetrical IDFD 9 
complications | Preterm labor 112/412 
Maternal Intubation and | Yes 55 
complications | mechanical No 419 
ventilation (n) | Not 97 


mentioned 


Complications during 
treatment of COVID-19 (n) 
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Acute respiratory distress syndrome (14), septic shock (4), 
cardiac dysfunction (2), multiple organ dysfunction syndrome (2), 


cardiac arrest (2), myocardial injury and myocarditis, endocarditis 
(2), needs dialysis (2), pericardial effusion (2), pulmonary 
embolism (2), cerebral emboli (1), Staphylococcus aureus 
bacteremia (1), developing anemia after being admission (1), 
heart failure and respiratory failure (1), placental abruption (1) 


13/571 
25/316 


Maternal death 
Confirmed vertical transmission 


tomatic. In general, the pattern of clinical signs 
and laboratory findings of COVID-19 infection 
in pregnant women does not appear to be very 
different from those reported for COVID-19 non- 
pregnant female cases. Fever, cough, and dys- 
pnea were the most common symptoms. These 
findings are consistent with those from a study by 
Morales et al. of 656 individuals from the general 
population with COVID-19 infections [58]. 

Furthermore, there appear to be no major dif- 
ferences between pregnant women and non- 
pregnant adults with COVID-19 in terms of 
laboratory findings. Elevated CRP was the most 
common laboratory finding of SARS-CoV-2 
pneumonia. In a study by Han et al., 99% of 
patients infected by SARS-CoV-2 had elevated 
CRP levels, indicative of inflammation [59]. 

Ground-glass opacity in the lungs was the 
most common radiological finding of COVID-19 
infection in pregnant women. The radiological 
findings from 81 patients with COVID-19 pneu- 
monia in Wuhan, China, showed that in subclini- 
cal patients, the common radiological pattern of 
COVID-19 was unilateral and multifocal 
ground-glass opacities [60]. Lesions quickly 
evolved to bilateral, diffuse ground-glass opaci- 
ties in a week or less from the onset of the 
disease. 

The results of this review showed that in 
women infected with COVID-19, the rate of 
Cesarean sections was higher than normal for 
various reasons. In general, the complications of 


Cesarean section are much greater than those of 
vaginal delivery, and there is still insufficient evi- 
dence to suggest that vertical transmission in 
Cesarean section is lower than in vaginal deliv- 
ery. Therefore, decisions about the type of deliv- 
ery should be made based on risk of complications 
as normal [61 ]. 

There is conflicting evidence for vertical 
transmission of the SARS-CoV-2 virus [62]. The 
vertical transmission rate in our study was 7.9%. 
In the present study, most pregnant women were 
in the third trimester of pregnancy, and therefore 
the time interval from the onset of clinical symp- 
toms of the disease to the time of childbirth was 
short. Furthermore, approximately one quarter of 
those in the first trimester chose abortion because 
of the possible side effects of medications on the 
fetus. Therefore, the vertical transmission rate 
obtained from this study cannot be generalized to 
all pregnant women with COVID-19 infections. 

Several studies have now shown that one of 
the highest predictors of a fatal outcome in 
COVID-19 cases is the presence of underlying 
diseases [63]. In our study, a significant percent- 
age of pregnant women suffered from underlying 
diseases. The most common comorbidity was 
obesity. In obese individuals, expiratory reserve 
volume, functional capacity, and compliance of 
the respiratory system are reduced, and studies of 
HINI influenza cases have shown that caution 
should be exercised in caring for patients with 
severe obesity [64]. 
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26.5 Conclusions 


Clinical symptoms as well as laboratory and 
radiological findings of pneumonia caused by 
SARS-CoV-2 infection in pregnant females do 
not appear to be different from those found in 
general COVID-19 cases. However, further stud- 
ies should be done to investigate the effects of 
underlying diseases and the causative factors for 
the higher rate of Cesarean delivery and preterm 
birth in pregnant women with COVID-19 
infections. 
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Abstract 


In December 2019, a respiratory disease 
caused by a coronavirus called SARS-CoV-2 
(COVID-19) began in Wuhan, China, and 
quickly became a pandemic. In such situa- 
tions, pregnant women are suspected of being 
among the vulnerable groups. The aim of this 
study was to report clinical symptoms, labora- 
tory findings, and obstetrical complications, 
maternal, fetal, and neonatal complications of 
COVID-19 infection in pregnant women. We 


searched the Cochrane library, MEDLINE/ 
PubMed, and Web of Sciences from their 
inception to April 5, 2020. Any study involv- 
ing pregnant women with COVID-19 which 
evaluated the effect of the disease on preg- 
nancy outcomes and fetal and neonatal com- 
plications was included in the study. The 
outcomes were the symptoms and laboratory 
findings, obstetrical complications, mode of 
delivery, and maternal, fetal, and neonatal 
complications. The search resulted in 69 titles 
and abstracts, which were narrowed down to 
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12 studies involving 68 women. The three 
most common symptoms of patients were 
fever, cough, and fatigue. The most common 
laboratory findings were an increase in 
C-reactive protein (CRP) and lymphopenia. 
The most common obstetrical complication 
was preterm labor (33.3%). No maternal 
deaths were reported. The Cesarean section 
rate was 83.3% and the vertical transition rate 
was 2.23%. The findings showed that the clin- 
ical symptoms and laboratory measures of 
pregnant women affected by COVID-19 did 
not differ from the general population. In gen- 
eral, the prognosis of mothers who suffered 
from COVID-19 and their newborns was sat- 
isfactory. However, there is a need for further 
rigorous studies to confirm these findings as 
the pandemic progresses. 


Keywords 


COVID-19 - Novel coronavirus infection - 
Pregnancy outcome 


27.1 Introduction 

Coronaviruses are one of the largest viral fami- 
lies that can cause common cold to more severe 
diseases such as severe acute respiratory syn- 
drome (SARS) and Middle East respiratory syn- 
drome (MERS) [1]. Coronaviruses have been 
prevalent in some birds and mammals, but there 
have been several examples of their occurrence in 
humans in recent years. The new coronavirus dis- 
ease, which began in December 2019 with a 
widespread human outbreak in Wuhan, China, is 
known as COVID-19 [2]. The disease has quickly 
crossed borders between countries and conti- 
nents, forcing the World Health Organization to 
declare a state of emergency. This has now 
become a pandemic and has attracted the atten- 
tion of many countries [3]. 

In cases of disease epidemics, pregnant 
women should be classified as a vulnerable group 
due to lower body immunity. Changes in the 
cardiovascular system during pregnancy, 
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including an increase in heart rate, increased 
oxygen consumption, and decreased lung capac- 
ity, increase the risk of developing severe respira- 
tory diseases in pregnant women [4, 5]. 

In the context of the 2019 coronavirus pan- 
demic, there are several unanswered questions 
about the effects of the disease on a pregnant 
woman and her fetus and neonate: 


1. Are the clinical symptoms and laboratory 
findings of pregnant women suffering from 
COVID-19 infection similar to those in gen- 
eral patients? 

2. Do pregnant women with COVID-19 infec- 
tion have a higher risk for pregnancy 
complications? 

3. What is the rate of vertical transmission of the 
disease to the fetus or neonate? 


To answer these questions, a systematic review 
of the available related evidence was 
conducted. 


27.2 Methods 


27.2.1 Data Sources and Search 
Strategy 


Two investigators (SM and LK) conducted 

searches of the Cochrane library, Cochrane Central 

Register of Controlled Trials (CENTRAL), 

MEDLINE/PubMed, and Web of Sciences up to 

April 5, 2020. Additionally, Google Scholar was 

searched with the aim of exploring the citations 

of final studies included in the systematic review. 

The search strategy used was: 

"COVID-19" OR *COVIDI9" OR “2019 novel 
coronavirus infection" OR “2019-nCoV infec- 
tion" OR “COVID-19 pandemic” OR “coro- 
navirus disease-19" OR “2019-nCoV disease" 
OR “2019 novel coronavirus disease" OR 
"coronavirus disease 2019." 

AND 

"Pregnancy" OR "Pregnancy Outcomes" OR 
“Pregnancy Outcome” OR “Outcome, 
Pregnancy” OR “Outcomes, Pregnancy.” 
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The reference lists of articles were checked 
for further relevant publications. 


27.2.2 Inclusion Criteria 


Any type of study involving pregnant women 
with COVID-19 and evaluating the effect of the 
disease on pregnancy outcomes and fetal and 
neonatal complications was included in the study. 
Only studies published in English were reviewed. 


27.2.3 Outcomes 


Our outcomes were the symptoms and laboratory 
characteristics of COVID-19, obstetrical compli- 
cations, mode of delivery, maternal complica- 
tions, detection of coronavirus in products of 
conception, and the infants and fetal and neonatal 
complications. 


27.2.4 Study Selection and Data 
Extraction 


Two authors independently reviewed the search 
output. We screened titles and abstracts of search 
results to exclude irrelevant studies. We then 
retrieved full text articles of seemingly relevant 
studies and examined these to see whether or not 
they met the inclusion criteria. The reviewers 
(SM and LK) resolved any disagreement through 
discussion and consensus agreement. We 
designed a data extraction form. Data were 
extracted by the two reviewers using the agreed 
form. Any disagreement was resolved by 
consensus. 


27.3 Results 
27.3.1 Results of the Search 


Figure 27.1 shows the PRISMA flowchart for 
study inclusion and exclusion. A total of 69 stud- 
ies corresponding to our search strategy were 
identified. Of these, 14 irrelevant records were 
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excluded based on the title and abstract review. 
The full-text articles for the remaining 55 articles 
were retrieved. After review of the full-text arti- 
cles, 43 articles were excluded and 12 studies met 
our inclusion criteria for systematic review. The 
characteristics of these studies are presented in 
Table 27.1. 


27.3.2 Participants and Settings 


A total of 68 participants were included across all 
12 studies, ranging from one to 15 persons per 
study. Mothers ranged in age from 22 to 41 years 
old. One patient was in the first trimester, four 
women were in the second trimester of preg- 
nancy, and another 63 were in the third trimester. 
Five women had a history of past medical 
conditions. Eleven studies were conducted in 
China [6-16], and one was performed in 
Honduras [17]. 


27.3.3 Outcomes 
27.3.3.1 Symptoms of COVID-19 

at Admission 

The three most common symptoms of patients at 
the time of hospitalization were fever (76.5%), 
cough (39.7%), and fatigue (13.296), respec- 
tively. Other symptoms included dyspnea 
(11.8%), myalgia (10.3%), sore throat (8.8%), 
diarrhea (5.9%), nasal congestion (5.9%), and 
skin rash (1.5%; one patient) (Table 27.1). 


27.3.3.2 Laboratory Characteristics 
Examination of lung computerized tomography 
(CT) scans or chest X-rays showed some evi- 
dence in favor of coronavirus disease in 45 of the 
51 patients tested (88.2%). The most common 
laboratory finding was an increase in C-reactive 
protein (CRP), which was detected in 31 of the 
44 cases tested (74.3%). The next most common 
biomarker tested was for the presence of lympho- 
penia, which occurred in 30 out of 43 cases 
(70.5%). Other laboratory findings included 
decreased platelet counts (23.1%) and increased 
levels of liver enzymes (11.62%) (Table 27.1). 
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Fig. 27.1 Flowchart for 
systematic review 
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Records identified through 


database searching: 


n=69 


Irrelevant records excluded 
based on the title and 


abstract review: n=14 


Full paper articles assessed: 





n=55 


Articles excluded based on 
the full text: n=43 


Studies included in the 
systematic review: 


n=12 





27.3.3.3 Mode of Delivery 

Fifty women had a Cesarean section (83.33%). 
Ten had a vaginal delivery (16.66%) and eight 
were still pregnant by the end of the study. 


27.3.3.4 Obstetrical Complications 

Of the 60 cases that gave birth, 20 were preterm 
(33.3%). Other complications included 11 cases 
of fetal distress (18.3%), six cases of premature 
rupture of membranes (PROM) (10%), three 
cases of gestational diabetes (4.5%), two cases of 
preeclampsia (3%), and two cases of gestational 
hypertension (3%). 


27.3.3.5 Maternal Complications 
There were no reports of maternal deaths in the 
studied cases. The need for mechanical ventila- 
tion was found in only one case (1.5%). 


27.3.3.6 Fetal and Neonatal 
Complications 
From 45 tests for detection of coronavirus in 
products of conception and the infants, there 
were 44 negative tests (97.7%) and one test was 
positive (2.2%). One case of stillbirth [10], one 
case of neonatal death [11], and seven cases of 
lung infection were reported [11, 12, 14]. No 
severe asphyxia was reported. 


27.4 Discussion 


In the present review, the most common symp- 
toms of the disease in pregnant women were 
fever, cough, and fatigue. These findings sug- 
gest that the symptoms at the onset of the dis- 
ease in pregnant women do not differ from 
those in the normal population. A report of 
72,314 records in China showed that in patients 
with coronavirus, typical symptoms were fever, 
cough, and fatigue [18]. In another study, 
Huang et al. showed that common symptoms at 
onset of illness were fever (98%), cough (76%), 
and myalgia or fatigue (44%) and less common 
symptoms were sputum production, headache, 
hemoptysis, and diarrhea [2]. These findings 
are consistent with our study. 

In a study of 149 patients with COVID-19 
infection, Yang et al. found that among the labo- 
ratory biomarker measures, elevated CRP and 
lymphopenia were the most common findings 
[2]. These results are also consistent with present 
study. Therefore, in terms of laboratory mea- 
sures, it seems that there 1s no difference between 
pregnant women and non-pregnant patients. 

The findings showed that the rate of Cesarean 
section for termination of pregnancy was much 
higher than for vaginal delivery. An expert 
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consensus for managing pregnant women and 
neonates born to mothers with suspected or con- 
firmed novel coronavirus infection stated that at 
present, there is no conclusive evidence of the 
best delivery method to reduce the risk of vertical 
transmission [19]. In other words, whether or not 
Cesarean section can reduce the risk of vertical 
transmission in COVID-19 has not yet been con- 
firmed. According to the evidence, the decision 
on the time and type of delivery in pregnant 
women suffering from COVID-19 infections is a 
multidisciplinary effort influenced by several fac- 
tors such as the patient’s clinical condition and 
obstetrical factors [20]. 

Examination of obstetric complications in 
women with COVID-19 infection showed that 
preterm delivery was more common than other 
complications. The findings of a study by Mascio 
et al. showed that in 41% of pregnant women 
with the disease, preterm delivery occurred as the 
most common obstetrical complication [20]. This 
could be due to premature termination of preg- 
nancy due to the potential risks of COVID-19 
infection to the mother and fetus. 

There were no reports of maternal deaths in 
the studied cases. In line with this finding, a 
review of 41 pregnant women with COVID-19 
infection did not report any maternal deaths [5]. 
This suggests that the mortality rate of pregnant 
mothers due to COVID-19 is lower than that 
which occurred with SARS and MERS. A review 
by Dashraath et al. concluded that the mortality 
rate in pregnant women due to SARS and MERS 
was 18 to 25 percent [5]. 

In the present study, the vertical transition 
rate of COVID-19 was 2.2%. However, it was 
not possible to judge whether or not this find- 
ing is conclusive. This is because the majority 
of the women studied were in the last trimester 
of pregnancy, and it is not clear what the rate 
of transmission to the fetus would have been if 
the disease had occurred earlier in the 
pregnancy. 

Finally, it is important to remember that there 
is little data on the effect of 2019 novel coronavirus 
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on pregnancy and its maternal, fetal, and neonatal 
complications. The articles reviewed above were all 
from small studies and quality was not assessed. 
Therefore, the interpretation of the findings of 
this study should be considered with caution. 
Another limitation of the present study was that 
only English-language studies were included. 
Due to the fact that the outbreak of this disease 
has been Wuhan City, China, articles in Chinese 
may also have been published in this regard. 

Another potential limitation of this study 
relates to the fact that analysis of biomarkers was 
limited to measurement of circulating CRP, lym- 
phocyte levels, and markers of liver damage. This 
may be acritical factor to consider in future stud- 
les as reports indicate different manifestations of 
COVID-19 infection due to different patient sus- 
ceptibilities and disease severities [21]. The 
Handbook of  COVID-19 | Prevention and 
Treatment has recommended the use of serum 
antibody testing for monitoring immune response 
of the host to infection [22]. It has also recom- 
mended testing for circulating CRP levels as 
most cases of COVID-19 infection with signifi- 
cantly elevated CRP have been linked to more 
severe disease, consistent with the Centers for 
Disease Control and Prevention (CDC) guide- 
lines in the USA [23]. In line with this, an eleva- 
tion in CRP levels was the most consistent finding 
in the studies analyzed in this review. 
Lymphopenia is considered a cardinal laboratory 
biomarker with prognostic potential in systemic 
infections such as in COVID-19 cases [24]. In 
addition, lactate dehydrogenase (LDH) may 
serve as a biomarker of liver damage, and CRP 
and IL-6 may be used to identify cases with 
severe inflammation and poor prognosis. Another 
finding in COVID-19 patients has been reports 
of hypercoagulation [25]. Thus biomarkers asso- 
ciated with activation of the clotting cascade 
should be assessed. This could be performed rap- 
idly using test strips which measure clotting time 
in combination with a metered readout and 
monitoring using a Smartphone app, as described 
by Vegt and Guest in 2018 [26]. 
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27.5 Conclusions 


The findings of this review study showed that the 
clinical symptoms and laboratory findings of 
pregnant women affected by COVID-19 infec- 
tion did not differ from the general population. 
However, preterm labor and Cesarean section 
appeared more likely to occur in pregnant women 
suffering from COVID-19 infection than their 
counterparts. In general, the prognosis of new- 
borns of infected mothers was satisfactory. Due 
to the lack of data, the authors strongly recom- 
mend that more quality studies be performed on 
pregnant women affected by COVID-19 infec- 
tion in all three trimesters of pregnancy to achieve 
more accurate and definitive results. We also rec- 
ommend the incorporation of additional bio- 
marker readouts in these studies to detect and 
monitor COVID-19-related disease 
complications. 
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Abstract 


Acute kidney injury (AKI) is a fatal complica- 
tion of the new severe acute respiratory syn- 
drome coronavirus (SARS-CoV-2) which 
causes COVID-19 disease. Here, we per- 
formed a scoping review and meta-analysis 
including clinical studies on patients with 
SARS-CoV-2 infection with data on AKI 
assessment and characteristics, and the overall 
prevalence of AKI was estimated using a 
random-effects model. We identified 21 arti- 
cles which passed the search criteria. All were 
quantitative observational studies which used 


a cross-sectional, retrospective, case report, or 
cohort methodology. This showed that aging, 
diabetes, cardiovascular disease, previous 
chronic disease, and other comorbidities were 
risk factors of AKI. Although the prevalence 
of proteinuria, hematuria, and increased serum 
creatinine was reported for up to 60% of the 
patients with COVID-19, the overall preva- 
lence of AKI was estimated to be 8%. We con- 
clude that although approximately two-thirds 
of patients with COVID-19 had symptoms of 
kidney damage, most of these did not meet the 
diagnostic criteria for AKI. Further studies 
should be performed to validate biomarkers 
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for improved AKI diagnosis in COVID-19 
patients and new treatment options are 
required to reduce the rate of mortality. 


Keywords 


Acute kidney injury - COVID-19 - Meta- 
analysis - Scoping review 


28.1 Introduction 

In December 2019, a serious respiratory infec- 
tious disease caused by a novel coronavirus 
(SARS-CoV-2) occurred in China, which has now 
been formally named by the World Health 
Organization (WHO) as “coronavirus 2019" 
(COVID-19) [1]. The disease has spread quickly 
from Wuhan to other countries around the world, 
and the WHO announced the outbreak of this new 
coronavirus as an international health emergency 
concern [2]. Lung involvement represents the 
main complication of the disease, as coronavirus 
predominantly affects lung epithelial alveolar 
cells inducing an interstitial pneumonia and, con- 
sequently, acute respiratory distress syndrome 
(ARDS) [3, 4]. However, the occurrence of acute 
kidney injury (AKT) following COVID-19 disease 
has been widely reported, as up to 25% of patients 
who died developed AKI [5-7]. 

The AKI definition is based on standard crite- 
ria according to the Kidney Disease: Improving 
Global Outcomes (KDIGO) recommendations: 
(1) serum creatinine (SCR) 226 umol/L (0.3 mg/ 
dL) within 48 h or SCR >1.5 times of baseline 
value in the past 7 days or (2) a urine volume 
«0.5 mL/kg/h for 6 h [8, 9]. Interestingly, patients 
who developed AKI during the course of the dis- 
ease exhibited a higher mortality rate than other 
patients [7]. Because most of the medications 
given to treat patients with COVID-19 are 
excreted by the kidneys, injuries to this organ can 
interfere with the metabolism, excretion, dosage, 
and expected concentration of the drugs, which 
increases their toxicity [6]. 
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AKI was observed in 5% to 15% of patients 
with severe acute respiratory syndrome (SARS) 
and Middle East respiratory syndrome (MERS) 
coronavirus infections, with 60-90% mortality [7, 
10]. However, different findings regarding COVID- 
19 and risk for AKI have been reported by clinical 
studies [11]. The present study aims to review the 
main available data on this issue through a system- 
atic research of the current literature, with a special 
focus on the incidence of AKI, and clinical charac- 
teristics and outcomes of patients developing AKI 
during the course of the disease. 


28.2 Methods 
28.2.1 Design of Study 


A scoping literature review is a repetitive method 
of available literature in the field to point out the 
width and depth of an issue [12]. This study was 
performed according to the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines [13-15]. A flowchart of 
study selection procedure is provided in Fig. 28.1, 
and the methodological quality of primary stud- 
ies was estimated. 


28.2.2 Search Strategy 


In this review, clinical studies conducted world- 
wide and published in the English or Persian lan- 
guages in internal and external databases were 
assessed up to April 2020. To search for studies 
related to AKI and COVID-19, the national data- 
bases including Magiran, IranMedex, Iranian 
Archive for Scientific Documents Center (IASD), 
and Iranian National Library (INL) and interna- 
tional databases such as MEDLINE (PubMed, 
Ovid), Scopus, Web of Science, Embase, 
ProQuest, and Google and Google Scholar as 
search engines were used. Gray literature and ref- 
erence lists of the extracted primary articles were 
also reviewed to find related studies. The key- 
words and subject headings used to search these 
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Table 28.1 Keywords and subject headings used during 
the search 


Search terms 


"Novel coronavirus” OR “novel coronavirus 2019” 
OR “2019 novel coronavirus” OR “2019 nCoV” OR 
“Wuhan coronavirus” OR “Wuhan pneumonia” OR 
COVID-19 OR “2019-nCoV” OR “SARS-CoV-2” OR 
“coronavirus 2019" OR “2019-nCoV” and “acute 
kidney injury” OR “acute renal injury” OR “acute 
renal insufficiencies” OR “acute kidney 
insufficiencies” OR “acute kidney failure” OR “acute 
kidney tubular necrosis” 


Table 28.2 Inclusion and exclusion criteria for selected 
primary articles 


Inclusion criteria Exclusion criteria 


Peer-reviewed, Not peer-reviewed, primary 


primary studies research 

Published in Not written in English or 
English or Persian | Persian 

Pointing to the AKI | Not related to the empirical data 
on patients with (letters, editorials, news, etc.) 
COVID-19 Low-quality studies 

Published up to studies that did not include the 
April 2020 keywords of "KAL" 


“coronavirus 2019,” 
“COVID-19” 


databases are classified in Table 28.1. The key- 
words were used individually and with combina- 
tions as a syntax using Boolean operators 
including “AND,” “OR,” “NOT,” and the “*” sign. 


28.2.3 Study Selection Process 


The inclusion and exclusion criteria for selecting 
primary articles are given in Table 28.2. Firstly, 
all possible studies were identified through the 
search strategy previously described. The titles 
and abstracts of the identified articles were inde- 
pendently screened by two authors, and the full 
texts of those determined to be potentially rele- 
vant were analyzed to assess their eligibility. 
Disagreements in study judgment between the 
two authors were solved by a third author, with a 
robust expertise in review studies. The kappa 
agreement coefficient between the two indepen- 
dent screening authors was excellent (r = 0.98 
and P-value <0.0001). 
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28.2.4 Quality Assessment and Data 
Extraction 


To evaluate the quality of studies, a five-item tool 
was applied as described in previous studies [16— 
19]. The five items were related to the research 
design, sampling method, sample size, compari- 
son group, and psychometric properties. Each 
item scaled from 0 to 3 with an overall score from 
0 to 15 [17]. Based on this approach, the studies 
were divided into three quality categories, char- 
acterized by weak (score 4 or lower), moderate 
(score 5 to 10), or strong (score over 10). The 
assessment was performed by two authors (MJO 
and FRB) and the disagreements were resolved 
by the senior author (AVA). A data extraction 
form was used to extract the information as fol- 
lows: first author, year of study conduction, 
design and purpose of the study, setting, sam- 
pling method, main findings and conclusions, 
limitations, and language. To ensure accuracy, 
two additional authors examined the extracted 
data for the final review. 


28.2.5 Synthesis of Data and Analysis 


Inductive thematic analysis was performed 
using the results of primary studies to find key 
emerging themes [20]. The findings of each of 
these articles were reviewed and compared until 
the initial themes were identified. To estimate 
the overall AKI prevalence, the variance of each 
study was calculated through the binary distri- 
bution variance. Weighted averages were used 
to combine the prevalence values of the studies. 
The weight assigned to each study was an 
inverse of its variance. The I? index was used to 
investigate the heterogeneity of the studies. 
Data heterogeneity was divided into three 
classes: less than 25% (low heterogeneity), 25% 
to 75% (medium heterogeneity), and more than 
75% (high heterogeneity). Due to the high het- 
erogeneity of the data, a random-effects model 
was been used. The analysis was carried out 
using STATA 12 software (StataCorp LLC; 
College Station, TX, USA). 
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28.3 Results 
28.3.1 Literature Search 


The flow diagram of the selection process is illus- 
trated in Fig. 28.1. A total of 350 potentially rel- 
evant references were obtained after reviewing 
databases and search engines and the reference 
list of relevant studies. After a first screening for 
title and abstract, 95 studies were selected for 
full-text evaluation, while duplicate and irrele- 
vant articles were excluded. Finally, 21 primary 
studies which met the criteria were selected for 
review and analysis [3, 7, 11, 21-38]. 


28.3.2 Study Characteristics 


The characteristics of the 21 final articles are 
shown in Table 28.3. Study design was different 
between the selected articles which were either 
cross-sectional, retrospective cohort, or case 
reports. All studies were written in English lan- 
guage, and most were conducted in China during 
the early phase of the COVID-19 epidemic. 


28.3.3 Methodological Quality 
Appraisal 


The quality of all articles was examined by the 
five-item tool, as reported in Table 28.3. Based 
on this scale, a total of 17 studies had a strong 
quality, three studies were moderate [22, 37, 38], 
and only one was classified as weak [24 ]. 


28.3.4 Narrative Summary of Themes 


28.3.4.1 AKI and COVID-19 

Data from the primary articles were classified 
and discussed as follows: (1) pathology of 
COVID-19, (2) clinical and laboratory features, 
(3) diagnosis, (4) risk factors, (5) prevalence and 
mortality, and (6) treatments. 
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28.3.4.2 Pathology of the COVID-19 
Virus 

In all primary studies, except in one [11], a rela- 
tionship between AKI and the COVID-19 virus 
was described. AKI occurred in both patients 
with and without preexisting chronic kidney dis- 
ease [27, 39]. Various possible hypotheses have 
been reported regarding the pathogenesis of acute 
renal impairment. The most frequent mechanism 
described is the presence of angiotensin- 
converting enzyme II (ACE-2) receptors in kid- 
ney cells. The SARS-CoV-2 virus uses ACE-2 
enzymes as receptors to facilitate its entry into 
renal target cells. ACE-2 is located at the renal 
epithelial tubular cells and may cause an inflam- 
matory response, which leads to AKI [35]. In 
addition, COVID-19 infection induces a systemic 
inflammatory response, especially in critically ill 
patients, which could increase the risk of AKI 
episodes [35]. However, a direct pathogenic role 
of SARS-CoV-2 in the human kidney should be 
considered, as a postmortem kidney biopsy study 
reported the presence of particles related to 
COVID-19 in the cytoplasm of epithelial cells in 
the tubules [38]. This mechanism could explain 
the presence of the virus in the kidneys and urine 
of these patients. In addition to ACE-2, trans- 
membrane serine protease (TMPRSSs) is another 
receptor that facilitates SARS-CoV-2 entry into 
kidney cells. The kidney epithelial cluster is 
divided into seven subgroups, including proximal 
convoluted tubule cells, loop of Henle, distal 
tubules, podocyte, collecting duct, proximal 
straight tubule cells, and proximal tubule cells. 
Genetic analysis of the ACE-2 and TMPRSS 
genes showed a relatively high expression in glo- 
merular epithelial cells (podocytes) and proximal 
straight tubule cells, which are host to the 
entrance of COVID-19 and other coronaviruses 
[26, 35, 38, 40]. In addition to epithelial kidney 
tubules, ACE-2 is also present in bladder epithe- 
lial cells, thus suggesting that the urinary tract is 
a potential route for SARS-CoV-2 virus infection 
along with the respiratory and gastrointestinal 
tract [40]. 
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28.3.4.3 Clinical Characteristics 
and Diagnosis of AKI 

In patients with AKI due to COVID-19 disease, 
an increase of serum creatinine and low urine 
output have been described according to the 
KDIGO criteria [7, 11, 23, 32]. In addition, a sig- 
nificant proportion of patients exhibited protein- 
uria and hematuria. In addition, some histological 
data is available that typically describes the pres- 
ence of acute tubular necrosis, and kidney abnor- 
malities have also been described through 
computed tomography (CT) scans [23]. The clas- 
sic diagnosis of AKI is based on serum creatinine 
and urine output and is divided into three stages 
based on these criteria [8, 9]. 


28.3.4.4 Risk Factors of AKI 

In some of the primary articles, the risk factor of 
AKI was discussed. Old age [3], ARDS [3], 
underlying diseases such as high blood pressure 
and heart failure [36], taking immunosuppressive 
drugs, male gender, and high serum creatinine 
levels [7] predisposed patients to acute kidney 
damage. Increased leukocytes and decreased 
lymphocytes and platelets, coagulation disorders 
such as prolonged activation of partial thrombo- 
plastin, high D-dimer, and increased procalcito- 
nin, aspartate aminotransferase, and lactate 
dehydrogenase are also predictive of AKI [7]. 


28.3.4.5 The Prevalence of AKI 
and Associated Mortality 

The prevalence of AKI was reported in 13 initial 
studies [3, 7, 11, 22, 23, 27-29, 31, 33, 34, 36]. 
Apart from two case report studies [29, 31] and 
another study reporting of 096 of patients with 
AKI [11], the overall prevalence was calculated 
for ten studies at 8% (Fig. 28.2). Although the 
overall prevalence of AKI was low, a high mortal- 
ity rate was reported for those patients who 
developed AKI [25]. In a study of the 2003 SARS 
coronavirus, although the prevalence of AKI was 
reported to be 6.7%, 91.7% of patients with AKI 
died [3]. The mortality rate in patients without 
AKI was only 8.8% [3]. A recent study of the 
SARS-CoV-2 coronavirus showed that the mor- 
tality was significantly higher in patients with 
high baseline serum creatinine (33.796) than in 
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patients with normal baseline serum creatinine 
(13.2%) levels [7]. 


28.3.4.6 Treatment of AKI 

Current treatment of AKI in patients with 
COVID-19 and other coronaviruses includes 
general management and supportive and continu- 
ous renal replacement therapy (CRRT). There is 
currently no effective antiviral therapy. Supportive 
care such as complete bed rest, giving enough 
nutrients and fluid, maintaining good blood pres- 
sure and oxygenation, prevention, and treatment 
of potential complications such as secondary 
infections is important [3, 7, 32, 33]. Early hospi- 
talization in an intensive care unit is recom- 
mended for critically ill patients. Preventive 
measures of AKI in patients with COVID-19 
include the use of diuretics, serum electrolyte 
adjustment, corticosteroids, plasma infusions, 
and administration of monoclonal antibody 
therapeutics. 


28.4 Discussion 


In this study, we conducted a comprehensive 
review of renal involvement in patients with 
COVID-19 and other coronavirus infections, 
reporting the main findings on the pathogenesis 
of the virus in the kidney, clinical manifestation 
of AKI, the risk or underlying factors, prevalence 
and mortality data, and treatments. 

Regarding the pathogenesis of the COVID-19 
infection, there are two hypothesized mecha- 
nisms: (1) a systemic inflammatory response 
with a cytokine storm and (2) direct cell damage 
by the virus. The ACE-2 and dipeptidyl peptidase 
4 (DPP4) enzymes expressed in renal tubular 
cells, were identified as the binding partners for 
SARS-CoV and MERS-CoV, respectively [41, 
42]. The RNA of SARS-CoV-2 has been found in 
kidney and urinary tissues, and it has previously 
been isolated in urine [43, 44]. A study of the 
SARS-CoV virus suggested the importance of 
the systemic inflammatory syndrome in inducing 
multi-organ failure and death due to the cytokine 
storm [45]. In this study, Huang et al. reported 
that the cytokine storm was related to interferon- 
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Overall AKI prevalence 

















Reference ES (95% CI) 9e Weight 
Cheng (2020) [7] E 0.03 (0.02, 0.05) 13.79 
Cheng (2020) [32; = 0.05 (0.04, 0.07) 13.58 
Chu (2005) [3] = 0.07 (0.05, 0.09) 13.19 
Chen (2005) [22] " 0.10 (-0.01, 0.21) 4.81 
Yang (2020) [34] | i 0.29 (0.17, 0.41) 3.98 
Chen (2020) [33] Oo 0.25 (0.17, 0.33) 6.85 
Wang (2020) [27] -E-| 0.04 (0.01, 0.07) 12.19 
Diao (2020) [36] | " 0.28 (0.19, 0.38) 5.57 
Guan (2020) [28] » | 0.01 (0.00, 0.01) 14.14 
Chen (2020) [30] Hi- | 0.03 (-0.00, 0.06) 11.90 
Overall (l-squared = 94.2%, p = 0.000) 0.08 (0.05, 0.11) 100.00 


Note: Weights are from random effects analysis 
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Fig. 28.2 Forest plot diagram for estimating the overall prevalence of AKI using the random model 


gamma, which causes severe organ damage like 
AKI in SARS patients [45]. Moreover, other 
studies have shown that cytokine-induced inflam- 
matory AKI has been reported in several clinical 
conditions [46]. ARDS-associated AKI may be 
caused by a variety of reasons, including gas 
exchange disorders, hemodynamic changes such 
as fluid overload with right heart failure and sys- 
temic congestion, harmful mechanical ventila- 
tion strategies, and the development of secondary 
infections. Age, severity of the disease, diabetes, 
and previous renal failure have been described as 
the main risk factors of AKI [47]. 

All the studies analyzed used the classical 
AKI definition, which is based on serum creati- 
nine level and urine output [8]. In addition, some 
studies reported prevalence data on the exact 
stage of AKI. Considering the limitations of an 
AKI diagnosis based on only these parameters 
indicative of kidney damage, the adoption of new 
molecular biomarkers for AKI detection [48]. As 
examples, a study identified and validated mea- 
surement of urinary tissue inhibitor of metallo- 


proteinases 2 (TIMP-2) and insulin-like growth 
factor binding protein 7 (IGFBP7) as a way of 
predicting moderate to severe AKI within 12 h of 
hospitalization in intensive care [49]. This is cur- 
rently the only test approved by the Food and 
Drug Administration (FDA) in this setting, sug- 
gesting that a wider application of the test may 
help physician in preventing progression to 
AKI. A later study showed that urinary [TIMP- 
2]-[IGFBP7] greater than 0.3 ng/mL7/1,000 iden- 
tified patients at highest risk for imminent AKI 
[50]. 

Several studies have shown that, although a 
large number of patients with COVID-19 infec- 
tion experienced increased serum creatinine lev- 
els, only a limited proportion of patients met the 
diagnostic criteria of AKI. It is important to note 
that studies including only critically ill 
COVID-19 patients are characterized by higher 
rate of AKI episodes. A study carried in 
New York of 5,449 patients admitted into hospi- 
tal with COVID-19 found that 36.6% of these 
developed AKI based on KDIGO criteria [51]. 
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Conversely, our meta-analysis suggested that the 
incidence of AKI in COVID-19 patients was 
lower at around 8%. In addition to the standard 
criteria for AKI, several studies have reported 
laboratory findings suggesting renal damage. In 
particular, hematuria and proteinuria have been 
reported in several clinical studies. In one of the 
early studies carried out in China, 10.8% of 
patients with COVID-19 had a slight increase in 
serum urea and creatinine levels, and 7.2% of 
these patients had albuminuria, while none had 
AKI [11]. In addition, Cheng et al. examined 
710 patients with COVID-19 and reported that 
44% of the patients had proteinuria and 26.9% 
had hematuria [32]. In previous reports related to 
the SARS-CoV and MERS-CoV infections, AKI 
was reported in 5% to 15% of patients, with a 
high mortality rate (60-90%) [10]. 

Our study has some limitations. We were only 
able to provide an estimate of the overall mortal- 
ity rate in patients with AKI, due to the lack of 
relevant data in primary studies. Also, due to the 
novelty of the disease and the lack of related 
knowledge, we were unable to identify the main 
mechanism of renal impairment. Therefore, we 
have only provided a summary of the results of 
the preliminary studies in this area. Also, due to 
these limitations, we did not perform statistical 
methods of meta-analysis such as subgroup anal- 
ysis and publication bias assessment. 

In conclusion, this review updates the current 
evidences of AKI in patients with COVID-19 
infection. Although no definitive data are avail- 
able to date about the pathogenesis of AKI in 
these patients, a direct effect on kidney cells and 
the systemic inflammatory syndrome induced by 
viral infection are the two-leading cause of AKI 
in this setting. The incidence and prevalence of 
AKI in patients with COVID-19 are low and may 
be as low as 8%. However, most patients also pre- 
sented other urinary abnormalities such as hema- 
turia and albuminuria. Finally, the onset of AKI is 
predictive of worse short-term outcomes, as mor- 
tality rate in these patients 1s significantly higher 
than in patients without AKI. Thus special atten- 
tion should be made to identify patients at risk of 
AKI using appropriate biomarker testing so these 
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patients can be placed on appropriate treatment 
programs for the best possible outcome. 

It is possible that recent global efforts to iden- 
tify potential treatments of COVID-19 using 
repurposed drugs will be successful in curbing 
the incidence and effects of AKI [52]. Of these 
candidates, the ` Recovery (Randomised 
Evaluation of COVID-19 Therapy) trial, con- 
ducted by the University of Oxford, UK, has just 
shown that the anti-inflammatory steroid dexa- 
methasone improved survival by approximately 
30% in critically ill patients [53]. Although fur- 
ther research is required, this is the most promis- 
ing drug identified to date for improving 
outcomes of patients with COVID-19 disease. 
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Abstract 


Coronavirus 2019 (COVID-19) is responsible 
for the current pandemic which has already 
resulted in considerable mortality worldwide. 
This systematic review was conducted to sum- 
marize the results of the published articles 
assessing the incidence of heart diseases in 
patients infected with COVID-19. The elec- 
tronic databases Scopus, Web of Science, 
Pubmed, Science Direct, and ProQuest were 
used to search for potentially relevant articles. 
Articles published from Dec 2019 to April 
2020 were included. All cross-sectional, 


retrospective or prospective observational 
cohort and case-control studies were selected 
which reported the incidence or prevalence of 
myocardial injury, myocardial infarction, or 
cardiovascular disease in patients with con- 
firmed COVID-19 infection. Based on the 
inclusion criteria, 12 articles were selected. 
The incidence of cardiac injury was reported 
in 8 articles and 8 articles focused on the car- 
diovascular outcomes of COVID-19 infection. 
The incidence of new cardiac injury was 
reported to be 7.2—77% in live and dead 
patients, respectively. The results showed that 
patients with cardiac injury had worse outcomes 
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including higher mortality than those without 
cardiac injury. The most common cardiac 
injury outcomes were shock and malignant 
arrhythmias. The most common radiographic 
findings in patients with cardiac injury were 
multiple mottling and ground-glass opacities 
in the lungs (64.6%). A significant number of 
patients with cardiac injury required noninva- 
sive mechanical ventilation (46.3%) or inva- 
sive mechanical ventilation (22.0%). Acute 
respiratory distress syndrome was seen in 
58.5%, acute kidney injury in 8.5%, electro- 
lyte disturbances in 15.9%, hypoproteinemia 
in 13.4%, and coagulation disorders in 7.3% 
of patients with cardiac injuries. In addition, 
survival days were negatively correlated with 
cardiac troponin I levels (r = —0.42, 95%, 
p = 0.005). The results of this review showed 
that myocardial injury in patients with COVID 
19 has a poor prognosis. Hence, cardiac inves- 
tigation and management in these patients are 
crucial. 


Keywords 


COVID-19 - Cardiac Injury - Mortality - 
Cardiovascular - Prognosis 


29.1 Introduction 

SARS-CoV-2 is the pathogen responsible for the 
current pandemic causing severe pneumonia 
worldwide [1, 2]. The disease is known as coro- 
navirus 2019 (COVID-19) as it first erupted in 
Wuhan China at the end of 2019. Cardiovascular 
complications can occur in patients with 
COVID-19 infection, and one of the major causes 
of death among patients hospitalized with 
COVID-19 is viral myocarditis or myocardial 
injury [3]. 

The studies done during the previous histori- 
cal coronavirus outbreaks of Severe Acute 
Respiratory Syndrome (SARS) and Middle East 
Respiratory Syndrome (MERS) found that one of 
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the important cause of mortality was the develop- 
ment of cardiovascular complications including 
acute myocardial infarction (AMI) and myocar- 
ditis [4, 5]. Various mechanisms including sys- 
temic inflammation, relative ischemia, and 
pathogen-mediated damage have been attributed 
to cardiovascular complications in individuals 
with coronavirus infections [6]. Studies have 
shown that arrhythmia, bradycardia, tachycardia, 
hypotension, and sudden cardiac death are com- 
mon in SARS pneumonia [7-10]. Various inves- 
tigations including electrocardiographic changes, 
troponin elevation, and echocardiography or 
invasive diagnostics methods were used to dem- 
onstrate myocarditis, cardiac injury, myocardial 
infarction, or other subclinical left ventricular 
diastolic impairment in these studies. 

The circulating levels of cardiac troponin I 
(cTnlI) have been used as an independent deter- 
minant of clinical disease [3, 6] and the presence 
of cardiovascular diseases is a risk factor for mor- 
tality in patients with Covid-19 pneumonia [11]. 
These findings underscore the importance of bio- 
markers not only in the detection of the disease 
but also in the treatment of COVID-19 illness 
[12]. One study showed that 16.796 of confirmed 
patients with COVID-19 disease had myocardial 
damages [13]. In a clinical cohort study of 
COVID-19 infections, 7.2% of patients hadacute 
myocardial injury (AMI), 8.7% showed signs of 
shock, and 16.7% had arrhythmia [14]. Another 
cohort study with a follow-up found that 82 
patients (19.7%) had a cardiac injury. In one 
study, 27.8% of patients with COVID-19 disease 
had elevated cardiac troponin T (cTnT) levels 
[15]. 

There is still a large knowledge gap regarding 
cardiac complications due to COVID-19 infec- 
tion [6]. This is critical given the large proportion 
of cases with such complications and the impact 
this can have on current treatment strategies and 
disease outcomes. Therefore the current system- 
atic review was conducted to investigate the prev- 
alence and outcome of cardiac injury in 
COVID-19 patients. 
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29.2 Methods 


In the current systematic review, we selected the 
studies that reported prevalence of myocardial 
injury or which assessed the association between 
cardiac injury and outcome in patients with 
COVID- 19 disease. This systematic review 
included all cross-sectional, retrospective, or pro- 
spective observational cohorts, and case- 
controlled studies that assessed the prevalence 
and complication of cardiac injury in COVID-19 
patients. 


29.2.1 Information Source 


An extensive search was conducted on the elec- 
tronic database PubMed, Scopus, Web of Science, 
Science Direct, and ProQuest for articles fulfill- 
ing the inclusion criteria (see Appendix 1). 
Publications from 2019 to 20 April 2020 were 
included. The Endnote software (Thomson 
Reuters, X9, Bld 9325) was used to screen the 
studies. Related studies were identified and 
screened by searching references of the included 
studies. 


29.2.2 Data Collection Process 


After excluding duplicated references of the 308 
initial search publications, 206 articles remained 
based on Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines (Fig. 29.1). Two authors 
screened all of the abstracts and titles. Full texts 
for all potentially relevant articles were reviewed. 
Twelve articles had full text available and were 
included in this systematic review. A meta- 
analysis of the findings was not conducted due to 
high heterogeneity of these studies and most of 
the papers lacked a common set of attributes that 
could be combined. Therefore, a systematic 
review was conducted. 
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29.2.3 Ethical Considerations 


The Ethics Committee of Baqiyatallah University 
of Medical Sciences approved this study with 
code IR.BMSU.REC.1399.116. 


29.3 Results 


Elevation in cTnI or cTnT levels was used as a 
biomarker of myocardial injury in many studies. 
Also in some studies, the cardiac injury was con- 
firmed by evaluating circulating levels of 


a-hydroxybutyrate dehydrogenase (HBDB), 
N-terminal pro-B-type natriuretic peptide 
(NT-proBNP), creatine kinase (CK), or lactate 
dehydrogenase (LDH). 


The 12 articles which met the search criteria 
were categorized into two separate groups. 


29.3.1 First Group 


The prevalence of cardiac injury in COVID-19 
infected patients was reported in the first group. 
The occurrence rate of new cardiac damage was 
reported to be between 7.2% [14] and 77% [16] 
in living and dead patients, respectively. In addi- 
tion, 44.4% of COVID-19 patients developed a 
new cardiac injury during the length of hospital 
stay [17]. 


29.3.2 Second Group 


The relationship between the cardiac injury and 
outcome of patients was analyzed in the second 
group. The results of the second group of publi- 
cations showed that the patients with cardiac 
injury had worse outcomes than other infected 
patients. The mortality rate was reported to be 
60.9 vs. 25.8% (p = 0.013) in the study by He 
et al. [17]. There were also significant differences 
in mortality rate between patients with cardiac 
injury compared to patients who did not have any 
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cardiac injury in both the Wu et al. (59.6 vs. 
0.8%, p < 0.001) [18] and Shi et al. (51.2 vs. 
4.596) (p « 0.001) [19] studies. 

Wu et al. showed that days of survival were 
negatively correlated with cTnI (r = —0.42, 
p = 0.005) and LDH (r = —0.35, p = 0.022) levels 
on admission [20]. He et al. demonstrated that the 
level of C-reactive protein (CRP) [153.6 (80.3, 
240.7) vs. 49.8 (15.9, 101.9) ng/L] and 
NT-proBNP [852.0 (400.0, 2315.3) vs. 197.0 
(115.3, 631.0) ng/L] were significantly higher in 
COVID-19 infected patients with myocardial 
damage than patients without myocardial dam- 
age [17]. Another study demonstrated that a 
higher level of cTnI of 26.126 pg/mL on admis- 
sion was associated with a higher mortality 
compared to individuals with lower levels of 
cTnI [20]. Also, Guo et al. showed that in patients 
who died, cTnT and NT-proBNP plasma levels 
had increased significantly prior to death com- 
pared with the admission values [15]. 

Several studies examined the side effects and 
comorbidities of cardiac injury and the level of 
the cardiac biomarkers in COVID-19 patients 


Articles screened 
(n=102) 


Eligibility 
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Studies identified via 
database searching 


(n=308) 





Removed after title 
and abstract screening 
(n=206) 





Articles excluded due to 
irrelevance (n=32) 


Articles remaining 
(n=70) 


Article which 


Articles excluded 


(n=58) 





passed all criteria 
(n=12) 





[15, 21-23]. High levels of cTnT were more fre- 
quently associated with the need for mechanical 
ventilation (59.6 vs. 10.4%) and the occurrence 
of malignant arrhythmias (71.2 vs. 51.1%) [15]. 
Increased levels of cTnI (46.8 vs. 4.8 ng/L), 
HBDB (453 vs. 245 U/L), and CK (199 vs. 
88 U/L) were also found to be common in severe 
or critically ill patients [24] and Hui et al. found 
that cTnI was 40-fold higher in critical COVID-19 
patients [21]. 

Results of a meta-analysis by Lippi et al. 
showed that the severity of disease in COVID-19 
patients was correlated with higher levels of 
cTnT [23]. A meta-analysis found that a signifi- 
cantly higher incidence of acute myocardial 
injury occurred in patients who were hospitalized 
in the intensive care unit (ICU) in comparison to 
non-ICU patients [22]. 

Shi et al. demonstrated an increase in reports 
of ground-glass opacities and multiple mottling 
(64.6% vs. 4.5%) in chest radiographs of patients 
with cardiac involvement. More patients (46.3%) 
required noninvasive mechanical ventilation or 
invasive mechanical ventilation [15, 19] who had 
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Table 29.1 First group: the prevalence cardiac injury in COVID-19 infected patients 


Author Number Prevalence of cardiac injury 
1 |Shietal. | 416 hospitalized 82 patients with cardiac injury (19.7%) 
[19] patients 
2 |Guoetal. | 187 patients Elevated cTnT level in 52 infected patients (27.8%) with myocardial 
[15] injury 
3 | Chen 274 patients [113 died | Acute myocardial injury more common in dead patients (77%) 
etal.[16] | and 161 recovered] 
4 |Deng 9 dead patients and 116 | Dead patients had more complications such as acute myocardial injury 
etal.[18] | recovered 59.6% versus recovered group 0.8% (p < 0.001). 
Wang 138 patients Most patients required intensive care. In this study acute cardiac injury 
et al. [14] was present in 7.2% patients, shock in 8.7% patients, and arrhythmia in 
16.7% patients 
6 |Lial [22] | 1527 patients Acute cardiac injury became manifest in at least 8% of patients with 
COVID-19 infection 
7 |Liuetal. | 30 patients 26 common | Myocardial damage detected in 5 patients (16.7%). 
[13] and 4 severe 
8 | Huang 41 confirmed patients Acute cardiac injury in 12% of patients. 
et al. [25] 


cardiac involvement compared to COVID-19 
patients without cardiac involvement. In addi- 
tion, acute respiratory distress syndrome (ARDS) 
[14, 19], hypo-proteinemia, coagulation disor- 
ders, electrolyte disturbances [19], tachycardia 
[21], shock and arrhythmia [14], and dissemi- 
nated intravascular coagulation were common in 
patients with cardiac involvement compared to 
patients without cardiac involvement [18]. These 
results are shown in Tables 29.1 and 29.2. 


29.4 Discussion 


The current systematic review was conducted to 
investigate the prevalence and outcomes of car- 
diac injury in COVID-19 patients. The results of 
this study showed that there is a currently a high 
incidence of cardiac injury in patients with 
COVID-19 infection. Some of the studies 
included in this review reported an increase in 
markers of cardiac injury associated with poor 
outcomes such as increased chances of death in 
COVID-19 patients. We found that cardiac injury 
was found in 77% of patients who died compared 
with only 7% in those who survived. One study 
found that high levels of cardiac injury markers 
were found in 8—12% of COVID-19 cases [26]. 
Another study reported that 11.8% of patients 


with no history of cardiovascular disease had a 
significant myocardial injury, with raised mark- 
ers of cardiac injury [27]. The studies demon- 
strated that cardiac injury with a higher level of 
cTnI was associated with an increase in mortality 
and other comorbidities. 

There are now numerous biomarkers which 
can be used to assess or predict COVID-19 dis- 
ease severity, such as in those cases that progress 
to cardiac injury. These include an increase in 
lung ground glass opacities on computed tomog- 
raphy scans, the requirement of invasive ventila- 
tion, acute kidney injury, electrolyte imbalance, 
hypo-proteinemia, increased levels of cardiac 
and inflammatory biomarkers, disorders of blood 
coagulation, and increased hospital stay. 

The response of the inflammatory system and 
the presence of a disorder in the immune system 
due to progression of COVID-19 can lead to the 
development of cardiac damage in these patients 
[20]. The results of these studies confirmed that 
COVID-19 patients with myocardial injury often 
had poor prognosis because of multi-organ fail- 
ure. It is likely that the increase in the incidence 
of shock and hemodynamic disorder resulting 
from cardiac injury due to myocardial ischemia 
or necrosis is linked to the higher mortality rate. 
In one study, 80% of patients with myocardial 
injury were admitted to the ICU [27].. 
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Table 29.2 Second group: the association between cardiac injury and outcome in COVID-19 infected patients 


Heart injury 
Author | Number Comparison biomarker Outcome 

] |Lippi |341 Severe vs. cInlorcTnT  |Levels increased in COVID-19 patients with 
et al. non-severe values severe disease versus non-severe disease (SMD, 
[23] disease 25.6 ng/L, 6.8—44.5 ng/L; p « 0.001). 

2 |Shi 416 Cardiac injury vs. |CKMB,cTnI, | Need for invasive mechanical ventilation in high 
et al. without cardiac NT-proBNP* level cardiac biomarkers was 22.096; p « 0.001 
[19] injury compared to group with lower levels. Higher 

report of ground-glass opacity and multiple 
mottling (64.6%), acute respiratory distress 
syndrome (58.5%), acute kidney injury (8.5%), 
electrolyte disturbances (15.9%), hypo- 
proteinemia (13.4%), DIC (7.3%), and higher 
mortality (51.2%) than those without 

3 | Guo 187 Myocardial TnTs plasma High levels of heart enzyme had more repeated 
et al. injury cTnT levels persistent dysrhythmias and mechanical 
[15] ventilation was 59.6% vs. 10.4% in patients with 

ordinary enzyme levels 

4 |Zeng |54 Myocardial Serum cTnI Mortality was higher in patients with high level 
et al. injury level of enzymes (14 vs. 8) 

[17] 

5 |Zhou | 34 Very severe and cTnI, CK}, Increased levels of cTnI (46.8 ng/L vs. 
et al. severe COVID-19 | HBDB, LDH | 4.8 ng/L), LDH (513 U/L vs. 287 U/L), HBDB 
[24] group (453 U/L vs. 245 U/L), and CK (199 U/L vs. 

88 U/L) in the very severe group compared to 
the severe group 

6 | Wu 188 infected | Mortality and cTnI‘; CK; The higher mortality (50.0%) in high levels of 
etal. | patients inpatients days CK-MB; cTNI on reception (10.0% or 9.1%). Also, the 
[20] LDH*; CTNI level was correlated with survival days 

a-HBDH). negatively (r = —0.42, p = 0.005) 

7 |Hui 4] Comparison HR‘, cTnI and | Peak level of cTnI 40-fold higher in severe cases 
etal. | consecutive across degrees of | EAT’, CT" compared to normal levels. 4 (9.75%) of patients 
[21] corona disease severity had high levels of cTnlI. AMI of COVID-2019 

was common in severe and critical patients 

8 Deng | Enrolled 109 | Who died during | cTnl More dead patients had acute cardiac injury 
etal. | COVID-19 hospitalization (59.6% vs. 0.8%, p < 0.001), DIC (6.4% vs. 0, 
[18] patients and 116 p = 0.006), and shock (11.9% vs. 0, p < 0.001) 

recovered compared to those that recovered 


*N-terminal pro-B-type natriuretic peptide 
"Creatine kinase 

*x-Hydroxybutyrate dehydrogenase 
‘High-sensitivity cardiac troponin I 
“Lactate dehydrogenase 

IHR: Heart Rate, 

*EAT:Epicardial Adipose Tissue 

"CT: Chest Computed Tomography 


An earlier study showed that MERS-CoV 
infection resulted in increased incidence of car- 
diac dysfunction and myocarditis in patients [10]. 
Patients with an increased level of cTnI had 
increased morbidity and mortality [15, 17, 20, 
23, 25]. Some studies reported a similar rate of 
complications between MERS and COVID-19 


[28, 29]. However, another study reported that 
COVID-19 infection was associated with more 
cardiac complications, hypotension, bradycardia, 
and cardiac arrest, suggesting that the etiology of 
these complications is complex [30]. 

Therefore, monitoring of cardiac biomarkers 
as soon as COVID-19 patients are diagnosed and 
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also continuous assessment during the hospital- 
ization will help to identify which patients are at 
increased risk of suffering myocardial damage 
[20, 23]. This monitoring is more critical for 
patients who have high risk factors including 
demographic characteristics such as advanced 
age (older patients), presence of cardiovascular 
comorbidities such as hypertensive or obese 
patients, male gender, and smoking [20, 31]. The 
collaboration of several medical specialists, such 
as cardiologists, diabeticians, epidemiologists, 
and emergency room doctors, is therefore needed 
[32]. Health professionals should focus not only 
on respiratory parameters but also on cardiac 
and other metabolic parameters, which are also 
predictors of mortality [33]. 


29.5 Conclusion 


Acute cardiac injury damage to the myocardium 
was found to be associated with worse outcomes 
and increased chances of death in patients with 
COVID-19 infections. However, the specific 
mechanisms underlying this are still not certain. 
Therefore further studies are required to investi- 
gate which patients are more likely to experience 
cardiac injury so that these individuals can be tar- 
geted with specific intervention strategies. For 
example, recent studies in the UK have shown 
that treatment with dexamethazone increased the 
survival rate of patients with the most critical 
stage of the disease [34]. In addition, anticoagu- 
lation therapy has been applied with some suc- 
cess [35]. We suggest that testing patients for 
biomarkers associated with early signs of cardiac 
damage should be implemented upon COVID-19 
patient admissions so that appropriate treatments 
can be tempered in a precision medicine manner. 
Until a vaccine is available, such an approach 
should improve COVID-19 patient outcomes and 
thereby increase chances of survival. 
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Appendix 1 


Scopus: 44 (TITLE-ABS-KEY ("Novel coronavi- 
rus" OR "Novel coronavirus 2019" OR "2019 
novel coronavirus" OR "2019 nCoV" OR "Wuhan 
coronavirus" OR "Wuhan pneumonia" OR covid- 
19 OR "2019-nCoV" OR "SARS-CoV-2" OR 
"coronavirus 2019" OR "2019-nCoV") AND 
TITLE-ABSKEY (cardiovascular OR myocar- 
dial OR myocarditis OR myocardium OR heart 
OR cardiac OR hypotension OR tachycardia 
OR bradycardia OR fibrillation OR ventricular 
OR arrhythmia OR hypertension OR "blood 
pressure") 

EMBASE: 65 (‘novel coronavirus':ti,ab,kw 
OR "novel coronavirus 2019':ti,ab,kkw OR '2019 
novel ` coronavirus':ti,ab,kw OR "Wuhan 
coronavirus :ti,ab,kw OR "Wuhan 
pneumonia':ti,ab,kw OR 'covid 19':ti,ab,kw OR 
sars cov  2ttiabkw | OR 'coronavirus 
201]9':ti,abkw OR 72019 ncov':ti,abhkkw) AND 
(cardiovascular:ti,ab,kw OR myocardial:ti,ab,kw 
OR myocarditis:ti,ab,kw OR 
myocardium:ti,ab,kw OR  heartti,abkw OR 
cardiac:ti,ab.kw OR hypotension:ti,abskkw OR 
tachycardia:ti,ab,kkw OR bradycardia:ti,ab,kw 
OR fibrillation:ti,ab,kw OR ventricular:ti,ab,kw 
OR arrhythmia:ti,ab,kw OR hypertension:ti,ab,kw 
OR ‘blood pressure':ti,ab,kw) 

ProQuest: 94 ab ("Novel coronavirus" OR 
"Novel coronavirus 2019" OR "2019 novel coro- 
navirus" OR "2019 nCoV" OR "Wuhan corona- 
virus" OR "Wuhan pneumonia" OR covid-19 OR 
"2019-nCoV" OR "SARS-CoV-2" OR "corona- 
virus 2019" OR "2019-nCoV" ) AND ab (cardio- 
vascular OR myocardial OR myocarditis OR 
myocardium OR heart OR cardiac OR hypoten- 
sion OR tachycardia OR bradycardia OR fibrilla- 
tion OR ventricular OR = arrhythmia OR 
hypertension OR "blood pressure" ) 

Web of science: 12 ("Novel coronavirus" OR 
"Novel coronavirus 2019" OR "2019 novel 
coronavirus" OR "2019 nCoV" OR "Wuhan 
coronavirus" OR "Wuhan pneumonia" OR 
covid-19 OR "2019-nCoV" OR "SARS-CoV-2" 
OR "coronavirus 2019" OR "2019-nCoV") 
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AND TOPIC: (cardiovascular OR myocardial 
OR myocarditis OR myocardium OR heart OR 
cardiac OR hypotension OR tachycardia OR 
bradycardia OR fibrillation OR ventricular OR 
arrhythmia OR hypertension OR "blood 
pressure") 

PubMed: 105 ("Novel coronavirus" [Title/ 
Abstract] OR "Novel coronavirus 2019" [Title/ 
Abstract] OR "2019 novel coronavirus" [Title/ 
Abstract] OR "2019 nCoV" [Title/Abstract] OR 
"Wuhan coronavirus" [Title/Abstract] OR 
"Wuhan pneumonia" [Title/Abstract] OR covid- 
19 [Title/Abstract] OR "2019-nCoV" [Title/ 
Abstract] OR "SARS-CoV-2" [Title/Abstract] 
OR "coronavirus 2019" [Title/Abstract] OR 
"2019-nCoV"[Title/Abstract])) AND (cardiovas- 
cular [Title/Abstract] OR myocardial [Title/ 
Abstract] OR myocarditis [Title/Abstract] OR 
myocardium [Title/Abstract] OR heart [Title/ 
Abstract] OR cardiac [Title/Abstract] OR hypo- 
tension [Title/Abstract] OR tachycardia [Title/ 
Abstract] OR bradycardia [Title/Abstract] OR 
fibrillation [Title/Abstract] OR ventricular [Title/ 
Abstract] OR arrhythmia [Title/Abstract] OR 
hypertension [Title/Abstract] OR — "blood 
pressure" [Title/Abstract]) 
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Amir Vahedian-Azimi, Leila Karimi, 
Somayeh Makvandi, Tannaz Jamialahmadi, 
and Amirhossein Sahebkar 


Abstract 


Theoretically, human testes are highly expres- 
sive organs for angiotensin converting enzyme 
2 (ACE2), the SARS-CoV-2 receptor. This 
study aimed to investigate whether the caus- 
ative agent of COVID-19 is found in semen. 
The databases of PubMed/MEDLINE, 
Scopus, Web of Science, and Google Scholar 
were searched using a combination of related 
keywords. All studies with original data, 
involving detection of SARS-CoV-2 in semen 
of male patients with COVID-19 or in those 
who have recovered from it, were included in 
the study. Six articles, including 136 samples, 


entered the systematic review. Most of the 
studies were performed in the recovery phase 
of COVID-19. In four articles, SARS-CoV-2 
was not detected in semen, while in the other 
two articles semen testing showed the pres- 
ence of the virus in some samples. Testicular 
discomfort, testicular cell damage, and sper- 
mogram disruption were also reported in some 
studies. We conclude that the study question 
cannot be answered with this number of stud- 
ies. Since most of the samples were mild to 
moderate forms of COVID-19, it is not yet 
clear what the presence of the virus in semen 
will be in severe cases. The long-term effects 
are also vague. More original articles with bet- 
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ter design and in different phases of the dis- 
ease are needed to draw robust conclusions. 


Keywords 


SARS-CoV-2 - COVID-19 - Semen : 
Angiotensin-converting enzyme 2 


30.1 Introduction 

In December 2019, new-origin pneumonia in 
Wuhan, Hubei Province, China, was identified 
and given the name of coronavirus disease 2019 
(COVID-19) from the World Health Organization. 
The cause of the disease is a new coronavirus 
called SARS-CoV-2, which causes acute respira- 
tory syndrome and carries the risk of death [1, 2]. 
Although the predominant manifestations of the 
SARS-CoV-2 are respiratory manifestations, the 
growing body of scientific evidence suggests that 
other systems in the body, such as the gastrointes- 
tinal, cardiovascular, urinary, and reproductive 
systems, may also be affected [3—6]. Guan stated 
that most people with COVID-19 are male [7]. 
Chen believed that most of these men are of 
childbearing age [8]. Therefore, a significant 
question is whether SARS-CoV-2 can attack the 
testes. 

According to the evidence, this virus has many 
similarities with the SARS-CoV, the corona virus 
that caused Severe Acute Respiratory Syndrome 
(SARS) in 2002-2004, and most likely uses the 
same receptor to enter host cells. Recent evidence 
suggests that seminiferous ducts of the testis, 
adult Leydig cells, and the prostate are highly 
expressive organs for the coronavirus receptor, 
angiotensin converting enzyme 2 (ACE2) 
(Fig. 30.1) [9]. A study of a testicular autopsy 
obtained from patients who died of SARS-CoV 
showed that the virus could cause orchitis [10]. 
So it is not unreasonable to think that one of the 
ways to transmit COVID-19 is via semen. In 
addition, if the virus causes damage to the testes, 
then the world may face a fertility crisis in the 
future. Therefore special attention should be paid 
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to the evaluation and appropriate interventions in 
the fertility of young patients, including sperm 
analysis and sperm freezing in the early stages of 
the disease. 

This study aimed to collect and integrate the 
results of previous studies on the presence of 
SARS-CoV-2 in human semen. 


30.2 Methods 


The databases of PubMed/MEDLINE, Scopus, 
and Web of science were searched up to June 14, 
2020. The search strategy used the terms: 
"COVID-19" OR “COVID19” OR “2019 novel 
coronavirus infection” OR “2019-nCoV infec- 
tion” OR “COVID-19 pandemic” OR “coronavi- 
rus disease-19” OR “2019-nCoV disease” OR 
“2019 novel coronavirus disease” OR “corona- 
virus disease 2019” AND (Sperm* OR semen. To 
further identify potentially related studies, 
Google Scholar was searched using a combina- 
tion of related keywords, and the references of 
primary articles were also reviewed. All relevant 
articles were evaluated using predefined selection 
criteria. All studies with original data, involving 
the detection of the SARS-CoV-2 in the semen of 
men with COVID-19 or men who recovered from 
it were included in the study. Articles in non- 
English languages were not included. 

The primary output of the Search Strategy in 
all databases was entered into the EndNote 
software X5 and, in the first step, the duplicate 
articles were deleted. Then, all the remaining 
articles were evaluated in terms of title and 
abstract. The unrelated articles were removed 
and the full texts of the rest of the articles were 
carefully evaluated to see if they met the entry 
criteria. The data retrieval tool was a researcher- 
made form that included the data: name of the 
first author, country, type of the study, popula- 
tion, age, disease severity, the period between 
disease onset or disease recovery and semen 
collection, and the findings. All of the above 
steps were performed by two independent 
authors, and any disagreement between them 
was resolved through discussion. 
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Fig. 30.1 Receptor-mediated infection by SARS-CoV-2 














30.3 Results 


The PRISMA flow chart of inclusion and exclu- 
sion process is shown in Fig. 30.2. Of the 62 pri- 
mary articles after the elimination of duplicates, 
35 articles entered the first phase and 23 articles 
entered the second phase of screening. Finally, 
six papers entered qualitative synthesis. 
Table 30.1 shows a summary of the final articles. 
There were four papers from China [6, 11—13], 
one from Germany [14], and one from Italy [15]. 
The studies included two prospective cohort arti- 
cles [12, 14], a retrospective cohort [6], a case 
report [15], a case series [13], and a cross- 
sectional study [11]. The sample size included a 
total of 136 cases, ranging from one sample [15] 
to 38 per study [12]. Five studies were performed 
on the semen of living men who had recovered or 
suffered from COVID-19 disease [11—15], but 
one study was performed on the testes of 
COVID-19 patients who had died [6]. In four 
studies, the severity of COVID-19 disease ranged 
from asymptomatic to moderate [11, 13—15] and, 
in one study, it resulted in death [6]. Li et al. did 
not report the severity of the disease [12]. 


30.3.1 Outcome 


Contradictory data were been obtained in studies 
on the presence of SARS-CoV-2 in semen sam- 
ples. Three studies did not find the presence of 
SARS-CoV-2 RNA in semen samples of male 
patients recovering from COVID-19 disease [11, 
13, 14]. Pan et al. believed that although their 
findings did not identify SARS-CoV-2 in semen, 
they could not definitively rule out the presence of 
the virus in the seminal fluid during acute infec- 
tion with more severe COVID-19 symptoms [11]. 
Paoli et al. reported that in a 31-year-old man who 
was found positive for SARS-CoV-2, in addition 
to semen, a urine sample was negative for the 
viral RNA when symptoms were partially 
improved [15]. On the contrary, Li et al. reported 
that 6 of 38 patients had results positive for SARS- 
CoV-2 in semen samples, including 4 of 15 
patients who were at the acute stage of infection 
and 2 of 23 patients who were recovering [12]. In 
a unique assessment, a postmortem examination 
of the testes from 12 COVID-19 male patients 
showed that in one case the SARS-CoV-2 virus 
was detected in the semen; however, due to fibro- 
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Fig. 30.2 PRISMA flow chart of the study selection process 


vascular tissue and few seminiferous tubules, the 
authors were not sure whether the virus was 
detected in the blood or in the testes [6]. 


30.3.2 Other Findings 


In the studies of Holtmann et al. [14] and Pan 
et al. [11], one and six patients, respectively, had 
testicular discomfort at the time of COVID-19 
diagnosis. In a microscopic evaluation, the Sertoli 
cells and interstitium of the testes of men who 
died of COVID-19 disease were also affected by 
the disease, and the number of Leydig cells was 


significantly lower than in the control group [6]. 
Holtmann et al. stated that in cases of moderate 
infection with SARS-CoV-2, there was signifi- 
cant impairment of sperm quality (concentration, 
count, total progressive motility, and complete 
motility) in comparison with cases of mild infec- 
tions and the control group. In their study, the 
definition of mild disease was the cases where it 
was possible to take care of the patient at home, 
and moderate disease included cases in which the 
patient was hospitalized and received up to 6 
liters of oxygen. Also, febrile patients had less 
volume and complete motility in the semen anal- 
ysis than afebrile patients (p « 0.05) [14]. 
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30 A Systematic Review of the Assessment of the Presence of SARS-CoV-2 in Human Semen 


30.4 Discussion 


To the best of our knowledge, the present study is 
the first systematic review to assess the presence 
of SARS-CoV-2 in human semen. The popula- 
tion we studied mostly consisted of males who 
had improved from mild to moderate forms of 
COVID-19 disease. The findings of some studies 
indicated the presence of SARS-CoV-2 RNA and 
some of the findings indicated that the virus was 
absent in semen. Some studies also showed 
abnormalities in sperm analysis and microscopic 
damage to testicular cells due to COVID-19 
infection. Therefore, we cannot draw a definite 
conclusion regarding the primary aim of the 
study. There is still a need for more quality 
research in this area, given the potential implica- 
tions of viral damage to this tissue. 

The virus that causes COVID-19 disease is 
SARS-CoV-2, which has more than 70% similarity 
in amino acid sequence with SARS-CoV, the cause 
of the earlier SARS epidemic. In addition, both 
SARS-CoV and SARS-CoV-2 appear to gain entry 
into cells via the ACE2 and through the action of 
the transmembrane protease serine 2, which primes 
the viral spike protein (Fig. 30.1) [9]. This suggests 
that the organs or tissues most vulnerable to 
COVID-19 infection are those with high expres- 
sion levels of ACE2 and TMPRSS. The evidence to 
date shows that the respiratory, cardiovascular, gas- 
trointestinal, and urinary systems are currently 
reported as possible targets for SARS-CoV-2 [16]. 
Some scientific evidence has shown that there is a 
high expression of ACE2 in the testis [17, 18]. 
There is evidence that SARS-CoV causes orchitis 
in humans [10]. In the present review, in some 
cases, orchitis was reported at the time of diagnosis 
of COVID-19. Because testicular damage and 
germ cell destruction are seen in the SARS infec- 
tion [10], SARS-CoV-2 may be transmitted by 
semen in addition to the conventional route. This 
transmission may occur even in asymptomatic car- 
riers or during the incubation period. 

Another concern is about individuals who 
have been infected by SARS-CoV-2 who are 
planning to initiate a pregnancy. The Society for 
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Assisted Reproductive Technologies (SART) and 
the American Society for Reproductive Medicine 
(ASRM) have recommended that ART candidate 
patients, gamete donors, and gestational carriers 
who meet SARS-CoV-2 diagnostic criteria avoid 
getting pregnant or do not participate in repro- 
ductive programs until they are disease-free [19]. 

Dimensions related to fertility in the 
COVID-19 are ambiguous and original data in 
this area are urgently needed. Here, the reviewed 
studies had small sample sizes. In addition, 
semen was collected at the time of recovery in 
most of the studies. We also excluded studies in 
languages other than English. In the future, it is 
suggested to design studies with higher sample 
sizes and perform semen testing at all stages of 
the infection. 


30.5 Conclusions 


The findings of some studies identified the 
SARS-CoV-2 virus in semen and others did not 
find it. However, damage to testicular tissue was 
confirmed by microscopic examination and sper- 
mogram disruption was reported in another study. 
Also, since most of the samples were obtained 
from individuals with mild to moderate forms of 
COVID-19 infection, it is not yet clear regarding 
the viral presence in semen from more severe 
cases. The long-term effects are also not possible 
to determine as only 6 months have passed since 
the beginning of this pandemic and no end is in 
sight (time or writing June 29, 2000). The num- 
ber of cases around the world still appears to be 
increasing and some countries, such as the USA, 
already appear to be experiencing a second wave 
[20, 21]. More original articles with better design 
and in different phases of the disease are needed 
for definitive conclusions and many of these 
studies will have to be conducted in the years to 
come. 
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